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MEASUREMENT OF DENSITIES OF SYNTHETIC 
RUBBERS* 
3y Lawrence A. Wood, Norman Bekkedahl, and Frank L. Roth 


ABSTRACT 


d has been developed for preparing specimens of synthetie rubber in a 
ible for precise measurements of the density. The rubber is outgassed 
im chamber, and while still under vacuum is molded into a sheet about 
6mm) thick. Specimens weighing between 1 and 2 g each are cut from 
and are employed for the measurement of the density by the method of 
e weighings. The values obtained with different specimens from the 
ple rarely differ from each other by more than 0.05 pereent. Measure- 
made soon after molding because some rubbers recover, and develop 
surfaces and vacuoles which bring about a decrease in the apparent 
inized Buna 8, prepared in a laboratory polymerization with a minimum 
of materials other than butadiene and stvrene, was found to have a 
25° C of 0.9291 g/em*. Corresponding vaiues for butadiene-styrene 
produced on a commercial scale are as follows: Firestone Buna 38, 
S. Rubber Co. Buna 8, 0.9369: Standard Oil Co. (N.J.) Buna S, 0.9390: 
IV, 0.9391; Hyear O.S.-—20, 0.9385; and Hvyear O.8.-30, 0.9303 g/em3. 
ties of other common varieties of svnthetic rubber were found to be 
Neoprene CG, 1.2307: Neoprene EF L238: Neoprene FR, 1.1406: 
GN, 1.2290; Chemigum I, 1.0135; Hvear O.R., 0.9992: Perbunan, 
hiokol RD, 1.0564; Thiokol A, 1.5983; Thiokol FA, 1.3298; and Butv] 


0.9175 g/em?. 


CONTENTS 


roduetion 
eparation of specimens 
isurements by hydrostatic weighings 


I. INTRODUCTION 


lor many purposes the density of a material need be known with 
inaccuracy of only a few percent. For many materials the density 
fone sample may differ from that of another by this amount, and 
no useful purpose may be served by making more precise measure- 
ments on individual samples. In natural rubber, the densities of 
erent samples have been shown, in a compilation! of 21 values, 
to lie, with two exceptions, between 0.905 and 0.919 g/em® at 25° ¢ 
The variations probably represent real differences in the samples and 
not accidental errors of observation. Since one can seldom know 
exactly the origin and subsequent treatment of a sample of natural 
rubber, there is little value in increasing the precision of measurement. 
Le A Wood, Values of the physical constants of rubber, Proc. Rubber Tech. Conference London 1938, p 
Heffer and Sons, Cambridge, England). Reprinted in Rubber Chem. Tech. 12, 130 (1939 
ted before the Rubber Division of the American Chemical Society in Buffalo, N. Y., 
1942, and published also in J. Ind. Eng. Chem. 34, 1291 (1942). 


on Sep 


391 





392 Journal of Research of the National Bureau of Standa 


Synthetic rubbers, on the other hand, can be regarded a: 
produced under conditions which are much better contro! 
known. It is logical then to measure the density with gre: 
cision and to hope to be able to ascribe significance to its vy; 
from one sample to another. The present work is ccneern, 
the development of a method for preparing se el of 
rubber in a form suitable for precise measurements of the < 
the actual measurement by the method of hydrostatic weichjy 
and a presentation of the results for most of the varieties of synthe 
rubber now of commercial importance in the United States, — 


II. PREPARATION OF SPECIMENS 


Samples of synthetic rubbe TS, as rece ‘ived from the manufact) 
were never found to be in a form suitable for precise Measurements 
of the density. Even where there appeared to be no entrappe 
air and the surfaces seemed to be relatively smooth, molding pro. 
duced specimens yielding higher and much more consistent values, 
Since a number of precautions are necessary in order to obtain good 
specimens, the method of preparation of specimens will be described 
in considerable detail. The ease of preparation of specimens was 
considerably affected by their rheological properties, and there was 
a wide difference between the different types of synthetic rubber in 
this respect. In many cases not all the precautions described were 
necessary. 

The surface of the material was first examined for the presence of 
tale or other powders that might have been dusted on it. Vigorous 
scrubbing with a brush under running water usually removed the 
powders. This was followed by drying in a vacuum desiccator. 

About 7 cm! of the material was then sheeted out by several passes 
between warm mili rolls. The sheet, usually between 0.010 and 
0.015 in. thick, was folded over itself several times and placed ina 
mold consisting merely of a sheet of metal with a single rectangular 
opening. The specimen and mold were sandwiched between aluni- 
num sheets and placed in the vacuum chamber, a diagram of which 
is shown in figure 1. The chamber was made of steel, and included 
a movable piston of the same material, with about 3.5 mm clearance 
between chamber and piston. The piston was sealed by a toroidal 
rubber gasket, which did not slide on the piston or sidewalls, but 
rolled as the piston moved up or down. The gasket was about 
100 mm in diameter and about 4 mm in diameter of section. Four 
springs at the corners of the plate at the top of the chamber exerted 
an upward force on the piston. They were so chosen that, whien the 
chamber was evacuated, atmospheric pressure on the piston moved 
it downward about half its full stroke, compressing the springs 
The chamber was then placed between the platens of the vulcanizing 
press and the platens were moved together sufficiently to make 
contact with the top of the vacuum chamber, and to compress the 
springs a little more, but not sufficiently to move the piston far 
enough to cause appreciable flow of the material. In this manner 
the material was heated for 1 or 2 hours at about 130° C under vacuum. 
Next the tage of the hydraulic press were brought somewhat 
closer together to cause some flow of the material. After several 
stages of increases of hydraulic pressure, the full force of 50 tons 
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Figure 1.—Vacuum chamber. 











1A’ is shown at the lower left. The cross section of the rubber gasket is shown in black. The 
e top and bottom of the chamber are 180 mm square. The diameter of the piston is 125.:mm, 
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was finally applied to the vacuum chamber. After 1 or 2 | 

allow jor further flow, the steam was turned off and the press alloy 
to cool with the hydraulic pressure still applied. Finally, 
admitted to the chamber and the specimen removed. 

Some materials could be separated only with difficulty irom t] 
aluminum sheets above and below the specimen. In some , 
mold lubricants, such as Carbowax, when used in small amo; 
were jound to eliminate this difficulty. Carbowax is water-soly|, 
and was readily removed from the suriace of the specimens by washing 
Chemigum I and some other materials were separated irom t} 
aluminum most easily when cooled to about 0° C. 

The dimensions of the sheets made in this manner were about 60 by 
60 by 1.6 mm (2.4 by 2.4 by 4.5 in). Each sheet was cut into thre 
specimens with scissors. In cutting, care was taken to discard por. 
tions of the sheet with surface irregularities and to cut with a sing); 
stroke so as to give a smooth edge. The specimens were sufliciently 
thin so that with most of the materials, inhomogeneities, if present in 
the interior, could easily be seen when the specimen was held up to tly 
light. Specimens with inhomogeneities were discarded of course. 


III. MEASUREMENTS BY HYDROSTATIC WEIGHINGS 


The measurement of density by the method of hydrostatic weighings 
required the use of a sinker, since many of the materials were lighter 
than water. The sinker employed in the present work was a tin disk 
about 20 mm in diameter and about 4 mm thick, to which the speci- 
men could be conveniently attached. The plane of the specimen was 
kept approximately vertical to diminish the resistance to the motion 


through the water during weighing. A 5-mil platinum wire suspended 
the sinker from the hook above the pan of the balance. The water 
was contained in a beaker supported on a small wooden bridge over 
the pan of the balance. 

Before each set of measurements the platinum wire was washed 
with water containing talc or soap, so that it could be wetted readily 
and the effects of surface tension minimized. The specimen was next 
placed in the water and then removed. Usually air bubbles were 
observed clinging to the specimen, particularly on the edges. Thes 
were rubbed off with the fingers, and the specimen was replaced in 
the water. The operation was repeated, if necessary, until no air 
bubbles could be seen. The weighings were carried out with an 
ordinary analytical balance to 0.1 or 0.2 mg. 

The quantities observed and the method of computation are illus- 
trated by the typical data and calculations shown in table 1. The 
temperature very seldom differed from 25° C by more than two or 
three degrees. Consequently it was seldom necessary to have very 
accurate values for the rate of change of density of the sample with 
temperature. In some cases the rate was determined from measure- 
ments of density at two different temperatures, and in others it was 
obtained from independent measurements of the expansivity by 
dilatometers. In few cases was the value significantly different from 
620 10-° g em~* deg™', the value reported ? for natural rubber. 


2H. L. Curtis, A. T. McPherson, and A. H. Scott, Density and electrical properties of the syste 
sulphur, BS Sci. Pap. 22, 383 (1927) S560. Cf.L. A. Wood, Values of the physical constants of rubber, Prov 
Rubber Tech. Conference London 1938, p. 933. (W. Heffer & Sons, Cambridge, England.) Reprinted it 
Rubber Chem. Tech. 12, 130 (1939). 
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TABLE 1.— Typical data and calculations 
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IV. RESULTS 


The results of measurements of the densities of 18 different varie- 
ties of synthetic rubber are given in table 2. With the exception of 
he sample of Buna S described in the first footnote, they were all of 
mmercial origin, and are considered to be typical of present-day 


TABLE 2.—Values of density at 25° C 


prene polymers and related polymers. 
tadiene copoly mers 
A. Copolymers with styrene (Buna S type 
B. Other butadiene copolymers, chiefly copolymers with acrylonitrile 
inic polysulfides, 
itene ¢ opoly mers. 


Name Manufacturer 


Neoprene CG_-_- E. I. du Pont de Nemours & Co 
Neoprene E do 
Neoprene FR_---- do 
Neoprene GN __.- ao 
Buna 8! Firestone Tire & Rubber Co 
Buna 8 2 do 
Buna S ’ U.S. Rubber Co. (Naugatuck Chemical Div.) 
Buna § Standard Oil Co. (N. J. 
Chemigum IV Goodyear Tire & Rubber Co 
Hycar O. 8.-20 B. F. Goodrich Co (Hycar Chemical Co.) 
Hyear O. §.-30 4 do 
Chemigum I Goodyear Tire & Rubber Co 
Hycar O. R B. F. Goodrich Co. (Hycar Chemical Co 
Perbunan Standard Oil Co. (N. J 
Thiokol RD Thiokol] Corporation 
Thiokol A J. do 
I hiokol FA do 

A! 


suty] B-1.45__......| Standard Oil Co. (N. J.) 


ed in a laboratory polymerization with a minimum quantity of materials other than but 
Analysis of this sample is said to give: 


Ash 
Free fatty acid a 
enyl-beta-naphthylamine 
Acetone extract 
n contained in a private communication from J. N. Street. 
about 4.5 percent of free fatty acid and 2 percent of phenyl-beta-naphthylamine. Ash centent 
t percent. Information contained in a private communication from J. N. Street. 
ial type of butadiene styrene copolymer made by the process developed by the B. F. Goodrich 
made from butadiene and styrene in the same ratio as is used in the manufacture of Hycar O. 8.-30 
ized with 2 percent of Stalite antioxidant.’’ Information contained in a private communication 
Semon. 
tadiene-styrene copolymer of the type which will be made in the Government-financed plants. 
not only the rubber hydrocarbon but approximately 4.5 percent of fatty acid. Itisstabilized with 
f Stalite anti-oxidant.’’ Information contained in a private communication from W. L. Semon. 





396 Journal of Research of the National Bureau of Standard 


commercial production in the United States. Most of them wo, 
received during the spring and summer of 1942. The values shoy, 
are, in most cases, the means of the measurements on six diffepey; 
specimens, three cut from each of two moldings. Additiona| speci- 
mens were moldea when any of the individual results differed {roy 
the mean by more than about 0.05 percent. In a few cases only 
four specimens were used, and in other instances more than six wey 
made. 

Unpublished observations made in this laboratory have shown tha; 
crystallization, with an accompanying increase of density, occurs a 
room temperature with Neoprene CG, Neoprene E, Neoprene GN, an 
Thiokol A. Consequently with these materials, care was taken to mak, 
the measurements of density as quickly as possible after the heating 
All the measurements on Neoprene CG, which crystallizes most rapidly. 
were made within a half-hour after heating. Crystallization effects 
do not seem evident with any of the other varieties of syntheti 
rubber listed in table 2. However, it was found that a number of 
the synthetic rubbers showed elastic recovery effects which made jt 
preferable to make the measurements soon after molding. This 
elastic ‘‘memory”’ led to the development of roughened surfaces and 
and sometimes to vacuoles, which brought about a decrease in the 
apparent density after afew days. The results under these conditions 
were always much less consistent than those obtained from observa- 
tions made immediately after molding. The necessity for molding 
under vacuum did not seem to be as great for those materials in which 
the ‘‘memory”’ effects were small. 

It should be noted that, although the values given represent th 
means of observations on a number of specimens, the specimens wer 
made from only one sample of each variety. Consequently this work 
furnishes no information regarding the variation in density from dif- 
ferent batches or runs of the same manufacturer. The method of 
measurement described here should be sufficiently precise to find 
application for this purpose, and might be used as a control method. 


Grateful acknowledgment is made of the cooperation of the com- 
panies listed in table 2 in furnishing samples of synthetic rubber on 
which the observations were made. Especial thanks are due to 
J. N. Street for the preparation and analysis of the polymer described 


in the first footnote to table 2. 


WaAsHINGTON, October 9, 1942. 
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TEN-YEAR TESTS OF HIGH-EARLY-STRENGTH CEMENT 
CONCRETES 


By Louis Schuman 


ABSTRACT 


mn 10-year compressive strengths of concrete cylinders made from 12 

cial high-early-strength cements are given, supplementing the results up 

r given in Research Paper 799.1! When cured in moist air, the concretes 

vel continued to gain strength between 1 and 10 years. For concretes 
tored in the air of the laboratory, the 10-year strengths are approximately equal 


to tl at 28 days. Comparisons are given between strengths of concretes made 

, 1910, 1930, and 1941, showing that concretes made with some present-day 
cements may attain strengths in 1 month exceeding those for the older cements 
4 10 ars. 


CONTENTS 


oduction 
ments, mixes, and storage conditions__ 
year test results_ 


I. INTRODUCTION 


Data on the properties of 12 commercial high-early-strength ce- 
ments, and on mortars and concretes made from them, were published 
by the National Bureau of Standards in 1935.1. The data included 
compressive strengths of 6- by 12-in. cylinders at ages up to 1 year; 
the present report supplements that of 1935 with data on strengths 
of concretes at the age of 10 years. 


II. CEMENTS, MIXES, AND STORAGE CONDITIONS 


The chemical compositions and fineness values of the cements are 
given in table 1. Data on other properties of the twelve cements and 
on the strengths of the various mortars in which they were incor- 
porated are given in the original report. The concrete mix was 
|:2.28:4.51 by weights of dry cement, sand, and gravel, respectively. 
The sand had a fineness modulus of 2.8. The gravel ranged from 
to 1 in. in size. Concretes of three C/W (cement:water) ratios were 
tested, namely 1.73, 1.50, and 1.33 by weight, corresponding to 6.5, 

and 8.5 gal of water per 94-lb bag cement. 


'L. Schuman and E. A. Pisapia, Behavior of high-early-strength cement concretes and mortars under various 
femperature and humidity conditions, J. Research NBS 14, 723 (1935) RP799. 
397 
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TABLE 1.—Chemical compositions and fineness values of ceme? 


mt 
shot + 
SID DOH mew 


Ne wnrmnmwnnyeKtwrnw 
~1nh 


to 


vy, Trans. Am, Ceram 


ster-ré pellent material. 


The temperatures of the materials at the time of mixing, and {| 
conditions of storage of the test specimens during the first 24 hours 
after molding, were as follows: 

(1) Mixed at 70° F, stored in air at 70° F. 
Mixed at 90° F, stored in air at 90° F. 
Mixed at 110° F, stored in air at 110° F. 
Mixed at 70° F, stored in a thermally insulated cabinet 
Mixed at 70° F, stored adiabatically (no heat loss). 

No 10-year specimens were made for the adiabatic storage. After 
the first 24 hours, specimens from each of the other four initial condi- 
tions were treated as follows until tested: 

(1) Stored in damp room at 70° F, at relative humidity ove 
95 percent. 

(2) Stored in air of laboratory at 70° F. 

(3) Stored outdoors for 1 year. 

(4) Subjected to 300 cycles of freezing and thawing in approvy- 
mately 15 months. 

Specimens for only the first two of these storage conditions remained 
for 10-year tests. 


III. TEN-YEAR TEST RESULTS 


The compressive strengths of concretes made from each cement al 
given in table 2, for ages ranging from 1 day up to 10 years. Each 
value is the average for a set of three cylinders. The maximum devia: 
tion from the average was generally less than 10 percent. Age: 
strength relations for two of the cements (Nos. 7 and 11), representing 
typical variations, are shown in figures 1 and 2. 

The concretes which were damp-cured showed continued increase ! 
strength, in most cases, between 1 year and 10 years; such gains wer 
of about the same magnitude as between 28 days and 1 year. Ina fev 
instances, concretes stored at 70° F during the first 24 hours showed 
slight decreases in strength between 1 year and 10, but in such cases tle 
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hs remained practically equal to those of the coneretes which 
ially stored at higher temperatures or were thermally insulated. 
the 1-day strengths were higher when the concretes were stored 


Cemenr No. 7 


Wrst £4 far Curing 


a+ 





























Age - log stale 
Figure 1.—Age-strength relations for cement 7. 


} 


ot ¢ 
at Uile 


F 


higher temperatures during the first 24 hours, the strengths at 
later ages tend to equalize. There is, however, some tendency for the 
initially insulated concretes to have somewhat lower strengths after 
3 days and up to 10 vears than those under the other conditions. 
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} 


TaBLe 2.—Compressive strengths (lbjin.?) of 6- by 12-in. concrete cyl 


Subsequent storage condition 





cw Damp air Laboratory air 
by 
weight 


28 10 28 


7 2 
days | year | years | days | days | year 


RST 24 HOURS 


,170 | 3,930 | 4,190 
480 | 3,390 | 3,140 
740 | 2,350 | 2, 230 
210 | 3,900 | 4,090 
570 | 2,890 | 2,950 
730 2, 330 2, 150 
930 | 3,660 | 3,150 
050 | 3,010 | 2,450 
470 | 2,030 | 1,620 
020 4, 660 4, 320 
880 | 3,960 | 3,010 
220 | 2,880 | 2,070 
270 | 4,600 | 4,370 
470 | 3,740 | 3,400 
130 | 2,830 | 2,600 
050 4,030 4, 280 


3, 880 | 4, 230 | « 
2,780 | 2,810 
2, 120 , 670 
6,140 | 5,140 
4,850 , 240 
3,050 | 3,350 
4,490 | 5,020 
3, 660 , 050 
2,640 | 2,790 
5, 340 , 270 
3, 910 , 480 
3,010 | 3,450 
4,880 | 5,240 | 5,350 
3,840 | 4,150 ,110 
3,180 | 3,130 | 3,500 
4,520 | 6,370 », O50 
3,650 | 5,110 200 | 3,140 | 3, 080 
2,900 | 3, 860 . 760 | 2,470 | 2,070 
5,100 | 6,410 | 6,12 3,710 | 4,360 | 3,970 
4,300 | 5, 200 f 2.810 | 3,530 | 3, 290 
3,320 | 4,280 | 3,82 2,210 | 2,650 | 2, 360 
5,100 | 5,910 i, 550 | 4,370 | 4, 290 
4,100 | 4,380 | 5,09 2,720 | 3.410 | 3,490 
3,440 | 3,890 ; 2,060 | 2,710 | 2,710 
5, 560 5, 800 , 2 , 150 4, 830 4,300 
4,930 | 5,190 | 5, 2,570 | 3,550 | 3,050 
3,450 | 3,410 | 3,5 , 82 2,440 | 2,120 


to 
tom torn 
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4,190 | 4,800 ), 06 2, € 3,760 | 3,790 
3,500 | 4,300 ,7 2,190 | 2,850 
9 


500 | 3,100 | 3,; , 490 | 2,300 | 2, 
5, 130 | 5,810 7 3, 750 | 4,920 | 4,92 
3,770 | 4,780 | 5,15 2,870 | 3, 480 
3,040 | 3, 430 | 3,$ 2,290 | 2,670 
4,640 | 6,130 4 3,080 | 3, 960 
3,990 | 5,020 
2.770 | 3,660 
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STORED AT 90° F DU 

, 280 
560 
920 
350 
510 
(40 
800 
040 
150 
160 
800 
960 
750 
690 
090 
300 
390 
000 
030 
290 
250 
660 
670 
110 


| 





, 780 | 3, 880 
050 | 2,990 
310 | 2,400 
R50 | 3,940 
450 | 2,920 
640 | 2,180 
720 

680 

660 

270 

020 

350 

160 

230 
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700 

380 3, 
600 2, 310 
200 4. O80 
770 | 3,570 
370 | 1,960 
480 4, 20 
430 | 3,200 
470 | 2,450 
880 850 | 4,120 
&30 , 390 | 3,000 
030 | 2,600 

800 650 | 3,790 
970 710 | 2,810 
430 980 | 2,010 
930 910 | 4,790 
900 760 | 3,370 
950 730 | 2, 580 
320 000 | 4, 260 
, 700 . 120 890 | 3,170 
3.480 | 3,890 | 1,480 | 2,430 | 2, 230 | 


330 | 3,100 | 3,650 
010 | 2,880 | 3,140 
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350 070 
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750 
840 
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760 
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560 
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160 
610 
360 
440 
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890 
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® Freezing in air at 5° to 20° F, 16 hours; thawing in water at about 70° F, 8 hours. 
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Compressive strengths (lb/in.?) of 6- by 12-in. concrete cylinders—Continued 
Subsequent storage condition 


. Freez- 

2 Out- ? 
Damp air Laboratory air It- | ing and 

: doors 
thawing 
| 300 
7 28 7 28 l 10 1 cycless 
days | days years | days | days | year ’ year in 15 
months 
‘ORED AT 110 ) RING FIRST 24 HOURS 


2,080 | 2,350 | 2,350 | 3,420 | 2,920 | 2,170 | 2,430 
2,190 | 2,680 | 3,100 | 3,550 | 3, 220 
1,800 | 2,090 200 | 2, 630 
9SO 2, 980 020 | 4,890 
110 | 2,550 670 | 4,100 
630 . 960 120 | 3, 540 
O10 | 3,360 520 | 4,610 
440 | 2,630 710 | 3,750 
550 , 910 OSO | 2, 640 
,490 | 3,070 390 | 4, 380 
2, 540 3, 9SO 
2, 150 | .2, 3: 3, 170 
3, 760 
3, 520 
2, 980 
3, 460 
4, 650 
4, 250 
3, 070 
4, 970 
4, 010 
4, 650 
4, 470 
3, 740 
5, 330 
4, 580 
4, O40 


t 


,050 | 3,190 3, 380 
960 | 3,210 | 3,540 
140 | 2,460 | 2, 430 
, 890 | 4,320 | 4,040 
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The concretes in laboratory air storage also show a slight 
strength between 1 year and 10, but this gain is ven n just suflic 
compensate for the fre ‘quently noted slight decrease in strength | 
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FigurE 2.—Age-strength relations for cement 11, 


28 days and 1 year, so that generally the air-stored concretes are 
appreciably lower in strength at 10 years than those damp-cured. _ 

[t is of some interest to compare the strengths of the concretes of this 
investigation with those obtained by Withey ? for water-cured concretes 


2M. O. Withey, Some long-time tests of concrete, Proc. Am. Concrete Inst. 27, 547 (1931). 
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1910, and those of the PCA 1926 series cited by him. Sucha 
son is made in table 3. 
er to make this comparison on an equal C/W' basis, it was 
y to interpolate the strength values for a C/W of 1.60 between 
ry C/W=1.738 and C/W=1.50. The average strengths, for the 
ements, for the 70° F initial, damp-cured concretes, were used. 
ion, some as yet unpublished values recently obiained at this 
for various types of cement made in 1941 are included. 


| 


TABLE 3.—Compressive strengths of 1:6 concretes (lb/in? 


Source of data 


Withey, series A, 1910 4 
PCA, 1926 

N BS 1926-32, 12 high-early-strength cements 
N BS 1941, 5normal cement 
NBS 1941, 3 high-early-strength cements 


NBS 1941, 4 moderate-heat cement 


ders 


from values for C/ W=1.73 and 1.50. 


cen that the more recent cements (1941), even of the moderate- 
ivpe, attain strengths in 1 month about equal to those for the 
cement at 10 years. Similarly, the high-early-strength cements 
gave strengths at 1 month exceeding those of the 1929-3: 
The 1941 high-early-strength 


194] 32 


ts of this type at 10 years. 


its also showed appreciably higher 3- and 7-day strengths than 


those for the 1929-32 cements (data not shown), though the 1-day 


ireneths were not appreciably greater. 
| y § 


WASHINGTON, October 9, 1942. 
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INTERVAL SELECTOR FOR RANDOM PULSES 
By Francis J. Davis and Leon F. Curtiss 


ABSTRACT 


terval selector is described which has been developed to study the dis- 
of pulses from Geiger-Miiller counters. The circuit is designed to count 
ith a separation less than 7, where r may be varied between 3X 10-5 see 
2 see. Tests are described which show that the circuit accomplishes these 
ements with considerable precision. 
ts of tests on aleohol-vapor—argon and amyl-acetate-vapor—argon-type 
Miller counters are given which show that counters of this type can be 
{ in a simple manner, yielding the proper random distribution of pulses 
very rapid rates of counting. Counters thus prepared have maintained 
iracteristies for at least 2 years. 


CONTENTS 


troduetion__- - 
erval selector___- yet 
t of aleohol-argon-type counters- 


I. INTRODUCTION 


The increasing use of Geiger-Miiller tube counters for quantitative 
measurements under widely varying conditions has led to a need for 
methods to test these counters in a more discriminating manner than 
has previously been customary. It is no longer sufficient that a 
counter have a “plateau”’ sensibly horizontal and of an extent to 
make the counter convenient to use. For reliable measurements it is 
essential that all pulses arise in the counter in response to radiation. 
Spurious pulses, frequently associated with the true pulses as one or 
more after-pulses, are one of the defects in counters which make them 
unreliable for quantitative work. Such defects can be detected by a 
study of the distribution of the intervals between pulses. If these 
intervals follow Poisson’s equation for a random distribution, it is 
gencrally assumed that the counter is satistactory. Conversely, a 
counter is definitely unreliable if it does not satisfy this requirement. 

An examination of the distribution of pulses from a counter with 
respect to time is likely to be very laborious in the absence of some 
device to determine automatically the number of pulses with a separa- 
tion, for example, less than some selected interval. For reasonably 
accurate information, thousands of pulses must be counted for each 
interval selected. Recently two different circuits have been proposed 

405 
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to permit automatic counting of intervals, one by Driscoll, 
and Ruark ' and the other by Roberts.? The former circuit dete 
the number of intervals longer than a chosen interval. A relay 
porated in this circuit limits its use to intervals longer than 
0.1 see. 

For the study of multiple pulses, it is much more conven 
determine the number of intervals shorter than a chosen int 
7 and also to be able to choose 7 to have any value from the orde 
sec down to the resolving time of the tube counter under investicatio; 
The circuit described by Roberts (see footnote 2) operates in this m; 
ner and is capable of choosing intervals of trom 1074 see to 0.3 
However, this circuit is somewhat more complicated than necessar 
making adjustments difficult to secure the desired precision, 

The cireuit: described below is of a different design, which. has 
shown itself to be an improvement over either of those mentioned 
above. It is capable of selecting intervals as short as 3X10 
with considerable precision, 


Cae 


II. INTERVAL SELECTOR 


The diagrams for this interval selector are shown in figures 1 and 2 
The negative pulses from the Geiger counter to be tested are fed to 
the preamplifier, which is a twin-triode, 7, and 7), connected in the 
usual capacity-coupled manner. The preamplifier renders the appa- 
ratus sensitive to minimum pulses of about 1 volt at the counte 
center wire, 

The next two tubes, 7; and twin-triode 7; and 7;, comprise a pulse 
leveler-sharpener. Its action rejects all pulses below the original 
l-volt minimum and gives a constant output pulse for each pulse over 
1 volt. The second triode, 7;, of the 6SC7 is used simply to invert 
the negative pulses to positive pulses. 

Normally I’ is conducting a the triode 7; nonconducting. If a 
small pulse is introduced at the grid of 73, it is amplified at the plate 
and fed to the grid of 74; if this amplified pulse is not large enough to 
bring the grid to the cut-off potential, which is about —4 volts, — 
that is as far as the pulse goes. If the pulse is large enough, it is 
amplified by the triode 7, and applied to the injector grid of 73, which 


Pre-Amplifier Pulse Generator 


To- +150 
volts 


Ce 
[|e t 
Pulse Leveler rt ; 


Pulse Leveler 











-18 volts -150 volts 
Figure 1.—Circuit diagram of preamplifier and pulse generator. 
C7 is a bank of condensers attached to an 11-point switch. 


R =1 megohm Ce=35 upf 

Rs=5,000 ohms C7=0.4 001 to 0.5 uf 
1R. L. Driscoll, Mary W. Hodge, and A. E. Ruark, Rev. Sci. Instr. 11, 241 (1940). 
3A, Robe rts, Rev. Sci. Inst. 12, 71 (1941). 
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-105 volts 


-120 -90 volts 


Total 


hiGURE 2.—Circuii diagram of pulse leveler and interval selector. 
< of condensers attached to an 11-point switch. Voltages marked VR are control 
e regulator tubes. 
>, R3=1 megohm 0.0005 to 2 uf 
5,000 ohms 2=100 wuf 
50,000 ohms 50 pul 
250,000 ohms 1=200 uy 
= 100,000 ohms ’5=10 uu 
300 ohms 
: =0.5 megohm 


8 


ra 


U6 


further amplifies it, and this regeneration continues until 7; is non- 


eting and 7, conducting. - Since the plate voltage of 73 is no 
changing, the charge leaks off the grid of 7, returning 7; to 
nonconducting state. In this manner it is seen that the output 
s will be the same height, since cither a pulse will be rejected at 
amplified until 7 is nonconducting and 7, conducting, giving a 
ise of full voltage. The width of the pulses from the pulse levelet 
ll also be constant because that is determined by the RC constants 
d bias potential of the 7, grid. [f a wide pulse is fed into 73, this 
e is held nonconducting beyond the time 7 becomes nonconduct- 
If it is a very narrow pulse, 7; is held nonconducting by the 
njector grid until 7 becomes nonconducting. For ry constants 
sed, the “pulse leveler has a resolving time of the order of 3< 1075 see. 
ln order to have a short resolving time, one must sacrifice sensitivity, 
therefore making the preamplifier necessary. 
The first curve shown in figure 3 represents the negative pulses 
These pulses are inverted and fed to the 


occurring at the grid of 7%. 





— 9 volts 


, | 








Figure 3.—Diagram of corresponding voltages in different parts of the circuit 
7 is the chosen interval; eg and é, are the 
Ty are exclusively those which follow 


listribution of pulses is assumed as shown on the 7's grid. 
i plate potentials, respectively. Pulses appearing on plate 


ling pulse at an interval less than 7, 
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grid of the 884 gas triode, 7%, as well as to 7). 7, discharges cond nse 
C , So that the orid of the following triode, 7;, drops 1 in the neighborhov 
of —50 volts” and imme diately begins to rise in potential until 1 
reaches cut-off potential, as shown in the second curve of ficure F 
The time it takes to do this is determined by R, and C, and is the tio 
interval, 7, that is desired. Triodes T; and T, are connected similarly 
to a scaling circuit stage and if one triode is conducting, the other j. 
nonconducting. The orid of 7; has potentials in the neighborhood o/ 
0 and —18 volts when it is conduc sting and nonconducting, respectively 
This controls the grid potential of the 6SF5 tube JT, to —9 and 
volts, respective ly. 

Normally 7; is conducting. As soon as a pulse is introduced 
gas triode, T,, discharges condenser C, so that the grid of T; is bel, 
cut-off potential and nonconducting. This renders 7, conducti 
which brings 7; grid potential to —9 volts, as shown in the third ; 
of figure 3, so that if a second pulse comes within the chosen interys 
(the “third pulse shown in fig. 3 is an example), it will be amplified } 
T;, as shown by the fourth curve in figure 3, and registered on 
partial recorder. The gas triode 7; discharges C; on each pulsi 
that another interval is started. If the second pulse y nit not 
within the prescribed interval (the second pulse shown in fig. 3 i 
example), 7; becomes conducting, 7; nonconducting, the grid potenti 
of 7, falls back to —18 volts, and therefore the pulse is not amplified 
and registered on the partial recorder. The 0.5 megohm resistors on 
the grid of 7; prevent oscillations on long-time intervals when 
grid of T; would be brought slowly through cut-off potential. 

A gas triode is used for T; to disc charge condenser C; completely and 
rapidly, independently of the input pulse. If a hard vacuum tube 
were used, the plate current discharging the condenser would depend 
on the plate voltage and the input pulse width and voltage. For the 
narrow pulses used, condenser C, for long intervals and necessari\ 
large capacity would not become completely discharged. The 884 is 
not without its disadvantages, however. The striking voltage of a 
gas tube is higher than its glow voltage. If two pulses fall very clos: 
together, compared to the time interval, the second pulse will not 
strike the 884, since the plate voltage has not had time to rise beyond 
the striking voltage. The 300-ohm resistor in the plate circuit helps 
this situation by not allowing the plate discharge voltage to drop 
appreciably below the striking voltage. The error involved due to 
this is small. Suppose there were 3 volts difference,—this would 
amount to about 4 percent of the interval. For intervals up to 25 
times the resolving time of the Geiger counter to be tested there would 
be no error. This is the region in which we are most interested. Io! 
intervals longer than this the partial count would be smaller than it 
should, but negligible. As an illustration, for a counting rate ol! 
100/see and an interval of 0.01 sec the error would be approximately 
0.06 percent. 

To calibrate the instrument, a simple pulse generator employing a 
gas triode, 7), as shown in figure 1, is used and the frequency adjusted 
to the lowest value at which all pulses appear as partials. The fre- 
quency is determined by measuring the time to obtain a certain num- 
ber of pulses. This “pulse count”’ was obtained by the two scaling 
circuits used to determine the partial and total count. Each sc aling 
circuit has a scale of 128, and when connected in series they give 4 
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eale of 16,384. Voltage regulators are used throughout, so that the 
bration for a given setting of R; and C, remains constant, 
the constants used the range of intervals obtainable is between 
and 0.2 sec. For most counters, that is, those having a 
ing time greater than 3 10~ sec, no correction is necessary for 
olving time of instrument. 
symbols used are the same as Roberts’, namely: 


resolving time of counter. 

time interval. 

Number of partial counts per second (intervals per second 
less than +) measured experimentally. 

total number of counts per second measured experimentally. 

theoretical true count, assuming a=Ae~“! and resolving 
time t. 

a(1—e~*’), theoretical number of intervals per second less 
than 7, assuming a as the true count per second. 

- A (e~4'—e- 47) =a— Ae~“* = theoretical number of intervals 
per second less than 7 and greater than ¢, assuming A 
true counts per second (7>¢?). 


From the last equation we obtain In(a—N)=InA— Az, so that 
plotting In(a—N) against 7 gives a straight line of slope —A for r>+t, 
which extrapolated to 7=0 gives InA. <A necessary but not sufficient 
condition is that in plotting In(a—N,,x,) against 7 we obtain a straight 
linc. The log of the negative of the slope must also equal the inter- 
cept. A method of investigating this condition is to compare values 
of fobtaimed by (1) finding the value of 7 on the graph corresponding 
to Ina and (2) determine A from the intercept and ¢ from a=Ae~“‘. 

\ defect in certain counters is a tendency to produce multiple 
pulses. This defect can be shown to better advantage by plotting 
Ve» Nin against 7. For short intervals the curve should approach 
zero as We approach the resolving time of the counter, and for long 
intervals the curve should approach unity, as in figures 5, 7, and 11. 
The experimental points are shown by the circles, and the solid line is 
the theoretical curve N/M zy. 

\s a test of the reliability of the instrument, alpha particles from a 
natural radioactive substance of long life, in equilibrium with its 
decay products in a parallel plate ionization chamber with a linear 
amplifier, were used as a random source. 

The results are shown in figure 4 and 5. The experimental points 
are noticed to be a closer fit to the theoretical curves than in the follow- 
ing curves. ‘This is not due entirely to a better source, but also more 
care was taken to reduce statistical error by obtaining higher counts 
of partial and total intervals. For short intervals appreciable time 
must elapse to obtain a considerable count, and where several counters 
are being tested for possible multiple pulses, such accuracy is not 
needed. A slightly different method of calculating the theoretical 
curves was used in this case, to get a better fit. In the following 
curves, A is determined by the intercept of the straight line fitted to 
the data shown in graphs similar to figure 4 and this value of A used 
to calculate the theoretical curve in the graphs similar to figure 5. 
In the present case, however, A was chosen to give a theoretical curve 
of best fit in figure 5 and this value of A used as its intercept in figure 4. 
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The value of the resolving time, t, calculated from A is 3.74 


sec. The value of ¢ obtained from figure 4 is (3.7+0.1) «10 


The +0.1>107* is roughly estimated from the permissible shift ; 
the slope of the line in figure 4 and still retain an apparently good 


It might be asked why a least-square method of fitting is not 
In the first place, since the function is not algebraic, it involy: 
siderable computation; and second, since the points represent 
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Interval data taken 1 th an ionization chamber and source 
particle Ss. 


1on a logarithmic scale against r. The graphs are straight lines drawn through t 
The two lines re present the same data ple tted to the two scales shown for the 7 ax 
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Figure 5.—The ratio Nexp/Nt» (circles) plotted against 7 for a random 


The data shown is obtained from alpha particles counted by an ionization chamber. The solid 


calculated as described in the text. 
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ntervals are more important in determining resolving time and 
¢ of multiple pulses, these points probably should be weighted 
is introduces certain arbitrariness. Graphs of the type in 
{ show errors in partial counts of long intervals to better advan- 
hereas graphs of the type in figure 5, since they approach unity 

intervals, show errors better in partial counts of short inter- 
The lower end of the theoretical curve in figure 5 is shifted 
erably to the right or left for small changes in the choice of A, 

this reason a more accurate determination of A is obtained by 
the curve in figure 5. However, when one is not so much inter- 

the accuracy of A, it is much simpler to take A as the inter- 
om the curves of the tvpe shown in figure 5, as was done in the 
Ing curves. 


III. TEST OF ALCOHOL-ARGON-TYPE COUNTERS 


circuit. described above was constructed to test the behavior 
shol-argon-type counters to which organic vapors have been added. 
nost familiar combination is the alcohol-argon mixture, which 
he first to be used for this purpose. The outstanding advantage 
se counters Is their self-quenching property, which enables them 
pond to relatively rapid successions of pulses. They are not 


ndent on auxiliary quenching circuits, which are not always 


ble. However, unless properly prepared they may have poor 


eteristics which limit their use. The results described below 
that it is possible to prepare counters with organic vapors which 


how the expected distribution of intervals with great fidelity. 


ure 6 shows an alcohol-argon counter which = satisfies these 
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1090 
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Figure 6.—Interval data taken with an alcohol-argon Cu, counter. 


Vexp is plotted on a logarithmic scale against 7. The graphs are straight lines drawn through the experi- 


tal points. The two lines represent the same data plotted to the two scales shown for the r axis. 
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conditions quite well. Here we have plotted In(a—Nexp) against + jp 
seconds, which affords us two ways of finding ft, as mentioned at the 
end of the preceding section. The two methods of finding ¢ give 
1.90 X10~* see and 1.95107‘ sec. The two lines are the same data, 
the upper line merely being the shorter time intervals spread oy 
larger scale. 

Figure 8 shows a defective alcohol-argon counter, giving too m; iny 
short intervals, probably due to multiple pulses. Roberts vives 
further examples. However, not all alcohol-argon counters show this 
defect, as you might be tempted to believe from his paper. Figure 7 
is an example. There seems to be a correlation in that this defi 
apt to show up in counters having a short voltage range of high slope. 
as shown in figure 9. . 

Amyl acetate and argon seem to be a more reliable filling fop 
counters. Typical curves are figures 10 and 11, showing a lone 
voltage range of low slope and no obvious multiple pulses. Possibly 
a reason would be that amyl acetate being a heavier molecule has 
higher quenching action. The higher resolving time indicated ie 
intercept on the 7 axis of figure. 11 is probably due mostly to : 
differences in the diameters of the counters used. The counters in 
figures 8 and 11 had diameters of 1.7 and 4.8 cm, respectively. 

Measurements made on about 30 different counters of various 
fillings of amyl acetate and alcohol with argon show that for a counter 
diameter of 2 cm the resolving time may vary from about 1.5 107 
to 4 10~* sec, for a 5-cm counter 3X107* to 7X107* sec, and for a 
10-cm counter 1.5107 to 3107* sec. Although an exact formula 
for resolving time has not been worked out, a relation of this sort 
might well be expected from formulas given by Stever.® 

In comparing amyl acetate and alcohol as a filling for counters, 
five amyl acetate and four alcohol counters were sealed off 2 years 
ago. Of these, three of the first and one of the second are still good. 
A year ago eight amyl acetate counters and six alcohol counters were 


a 


te 


3H. G. Stever, Phys. Rev. 61, 38 (1942). 
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Figure 7.—The ratio Nexp/Ntn (circles) plotted against r jor the counter, Ci. 


The theoretical curve for N/Nt» has been drawn in showing very good agreement. The intersection of 
this curve with the r axis gives the resolving time of the counter. 
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off. Of these, four amyl acetate counters are still good but 

of the aleohol type can be used. 
(liculty encountered in filling counters is the slow diffusion rate 
gases. A counter filled by usual methods of letting in amyl 
‘and argon and watching on an oscilloscope until it seems to be 
yorking at its best may work beautifully immediately after it has 





Nexp 


Nin Defective Counter SCio 














io 1o@ 
SECONDS 
FiaurE 8.—Data from a defective counter, SC 2. 


ny short intervals are shown, due probably to multiple or spurious pulses. 


been sealed off, but several hours later it may be useless, or have a 
short voltage range of high slope. 

\n experiment was tried with an aluminum counter which was 
siving Just such trouble. A small capsule of amyl acetate, together 
with a metal plunger, was put into a bulb attached to the counter by 
about 15 em of 10-mm glass tubing. The counter was then filled 
with 8 em of argon, sealed off, and the metal plunger shaken until 
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Figure 9.—Voltage characteristic of the defective counter, SCy. 


A plateau of short range and excessive slope is shown. 
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the capsule of amyl acetate was broken. Very shortly the 

range W ‘ run, giving a plateau of low slope beginning at so 

volts. A day Jater the counter would not operate below 1,500 vol: | 
at room temperature. The counter was then placed in an ice bat] 

and after about one-half hour the voltage range was again run, showing 

a very nice plateau with a slope of about 0.03 percent per volt he 
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FicureE 10.—Voltage characteristic «f a typical amyl acetate counter, SA, ( 
i 


A plateau of a range of about 300 volts with satisfactory slope is shown. 


ige 


ginning at about 1,000 volts. This was repeated with other counters, 
and they operated in almost identical fashion. 

A counter with slope similar to SA, will give results reliable to 
within 1 percent if the high voltage is stable to within 10 volts 
Actually it is readily possible to hold this voltage within closer Jimits 
When counting random pulses, at least 10,000 counts must be counted 
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SECONDS 
Figure 11.—Data for typical counter, S Aj. 


4 distribution of intervals in good agreement with the theoretical for a random distribution is shown. 
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man accuracy of 1 percent. Therefore, in many applications 
ctor places the actual limit on the precision of the results. 
m these experiments it can be seen that very satisfactory 
rs can be prepared using either alcohol or amyl acetate vapor, 
con as a filling medium. Difficulties experienced with these 
rs arise almost exclusively from failure to secure a mixture of 
d vapor of proper proportions. Following a very simple 
ire, every counter prepared can be depended upon to work 
and when the same pressures are used the counters will have 
early identical characteristics. This places the preparation of 
pe of Geiger-Miiller counter beyond the “Chinese medicine” 
mentioned by some writers. It also makes available a very 
form of counter which requires only the simplest and most 
form of amplifier for its use. The self-quenching properties of 
ounters also insure that the pulses observed with them originate 
counter tube and not in some auxiliary part of the circuit. It 
be emphasized that the authors’ experience clearly indicates 
O special treatment of the barrel or central wire is required to 
a successful counter. All counters constructed to date have 
made up with materials as taken from the stockroom. Copper, 
num, and steel have been used for the barrels and steel and 
sten, for the central wires, with no noticeable difference in per- 
ance Which could be traced to the materials or construction. 
This work is part of a program undertaken at the National Bureau 
Standards to investigate reliable methods for the preparation of 
Geiger-Miiller counters. One aim of this investigation is to make 
le the direct comparison of counter measurements made in 
ferent laboratories through standardization of the tube counters 


Tyist ly Cs. 
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COMBINATION OF WOOL PROTEIN WITH ACIDS IN MIX- 
TURES, AND ITS RELATION TO THE ACID DYEING OF 
WOOL! 


By Jacinto Steinhardt, Charles H. Fugitt, and Milton Harris?” 


ABSTRACT 


rder to extend previously reported analyses of the combination of acids 
ool, measurements have been made over a wide range of concentrations, of 
ounts of the anions of two acids combined by wool fibers when acids of 
t affinity for protein are present in different proportions or in mixtures of 
icid and salt forms. It is shown that anions compete with one another for 
ation with the fiber, so that the amounts of each combined depend not 
n the amounts initially present but also on their respective affinities for 
The bearing of these results and their interpretation on the theory of acid 
is discussed, with special reference to the factors promoting the attain- 
f “level” or “solid” application of dye to the fibers 
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I. INTRODUCTION 


arlier papers have demonstrated that the tendency of wool to 
combine with different strong acids differs widely and have discussed 
the bearing of these differences on the theory of dying [6, 7]. The 
differences were interpreted in terms of the combination of wool with 
anions as well as hydrogen ions, the combination with each anion 
being governed by its own distinct affinity. Numerical values of 
these affinities (expressed as reciprocals of dissociation constants), for 
33 strong acids, have been tabulated elsewhere [7]. 

The earlier work, which was limited to studies of individual acids, 
has now been extended to include an investigation of the combination 
of wool with acids present in mixtures. The new experiments con- 
tribute to an understanding of the mcre complex equilibria which 
obtain in mixtures [3], and should be more pertinent to the process of 


rief account of this work appeared in Proc. Am. Soc. Biological Chemists XX XV, J. Biol. Chem. 
xiv (1941). 

earch Associates at the National Bureau of Standards, representing the Textile Foundation. 
ures in brackets indicate the literature references at the end of this paper. 

use of the term “‘affinity” in discussions of dyeing is often ambiguous, because two different mean- 
ive been attached to it. In the present paper the term denotes the extent to which, wnder equilibrium 
ms, the ion or acid is associated with the protein. It is not used, as in commercial practice, to describe 
idity with which dyes combine with the fiber. 17 

41 
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dyeing in complicated baths than were the simpler experi, 

The results also contribute to an understanding of the paré playe, 
the dyeing process by acids, and by such commonly used assistant. 
Glauber’s salt. 


II. EXPERIMENTAL PROCEDURE 


Methods of purification of the wool, measurement and interpret 
of pH values, determination of the amounts of acid bound, and app). 
cation of corrections for the effects of hydrolytic decomposition of {| 
fibers at high temperatures and high acidities have been described 
earlier publications [4, 5, 7]. 

Each of a number of samples of wool, conditioned at 21° © and 
percent relative humidity, was Immersed in about 80 times its wei 
of solution. The solutions contained either the acid form of the dy 
Orange II, or its sodium salt. In addition, each solution contain 
second acid, either hydrochloric or naphthalene-8-sulfonic acid. 'T 
concentrations of the dye varied between 0.0004 and 0.025 AZ, whil, 
the second acid was present either in equimolar amounts or in amounts 
10 times as great. 

The solutions were kept at 50° +0.1° C for from 3 to 5 days, periods 
which have been shown in earlier work [5, 7] to be sufficient for a | 
approach to equilibrium. The following measurements were. the 
made on aliquots of each: (a) pH at room temperature; (b) total cor 
centration of acid by titration; (c) dye concentration, colorimetrically 
(d) ammonia produced as the result of hydrolytic decomposition; and 
(e) in some of the experiments with hydrochloric acid, concentra- 
tion of chloride by the Volhard method, after decolorizing the solutio 
with hvdrogen peroxide. When only acids were present, the amou 
of chloride combined with the fiber, calculated from the results 0! 
analyses, agreed closely with the amounts calculated by subtracting 
the amount of dye combined from the total acid combined.  Advan- 
tage was taken of this agreement to calculate the amounts of naphthia- 
lenesulfonie acid, since no method for readily and directly estimating 
the concentration of this ion is available. 


III. RESULTS AND DISCUSSION 


The experiments to be described fall into three categories: (1) Meas- 
urements obtained with mixtures of two acids inititally present in 
equimolar proportions, (2) measurements obtained with mixtures of 
two acids in initially fixed but unequal proportions, and (3) measure- 
ments obtained with mixtures of a salt of one acid in equimolar pro- 
portion with the second acid. Data from each group of experiments 
are represented graphically in figures 1, 2, and 3, respectively.® 

It will be observed that 1n the experiments with two acids (figs. 1 and 
2) both the total acid and the dye anion combined increase steadily 
as the acidity increases, while the amount of the second anion combined 
increases at first, but then diminishes sharply. The maximum amounts 
of the second anion combined, and the pH values at which these 
maxima are found, differ in each experiment; they depend not only 
on the concentration ratio of the two acids but on the specific properties 
of the second acid as well. Thus, the maximum amount of naplhitha- 


5’ The data on which these figures are based are tabulated elsewhere [3}. 
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fonate combined is considerably larger than the amount. of 

This is in keeping with the relative affinities for wool of 
vo anions, as previously reported [6]. Of the two anions which 
e with dye, the large naphthalenesulfonate anion competes 
re effectively than the smaller chloride ion. The broken lines 
low the course of the curve representing combination with the 
anion In certain of the ficures have been computed from the 
ve wflinities of the jons involved, av is explained elsewhere [3]. 
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| 
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4 2 
pH 
te 1.—Total acid, dye acid, and second acid combined with wool at 50° C 
dye acid and second acid are initially present in equimolar proportions, 
ided area represents the limits of dye combined in ordinary commercial dyeings. The broker 
resent theoretical calculations for the combination of naphthalenesulfonic acid Phe upper curve 


btained by the method of eq 4 in another paper [3], and the lower curve represents both eq 5 and ¢ 
paper 


In the experiments with the dye salt ([3], and fig. 3), the more li- 
mited supply of hydrogen ion results in the combination of smaller 
amounts of acid at a given concentration of dye anion than in the 
other two sets of experiments. Distinctions due to the difference in 
affinity of the anions are greatly accentuated; thus with hydrochloric 
acid no detectable amount of the second anion (chloride) combines 
with the wool.6 Indeed, the affinity of the dye anion is great enough 
to result in a combination of slightly more dye anion than of hydrogen 
ion When the supply of the latter is limited. However, when the second 
anion has a sufficiently high affinity to compete effectively with the 
dve even under these more severe conditions, the amount of dye 


-__ 


’ 


results obtained with mixtures of an acid and a salt depend on maintaining exact equivalence bx 
imounts of each initially present. The resemblance to the results obtained with acids alon 
d if this equivalence is not maintained. ‘The extent of this effect is indicated by a single point 
btained with an initial amount of acid 3 percent in excess of the amount of dye. 
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Ficure 2.—Total acid, dye acid, and second acid combined with wool at 50 
the initial concentrations of second acid are 10 times as great as the concent 
dye acid. 

The shaded atea represents the limits of dye combined in ordinary commercial dyeings. T! 
curves represent theoretical calculations of the amounts of the second acid combined, using either 

of another paper [3}. 


bound is smaller than the total acid bound, just as when large amounts 
of hydrogen ion are available. 

In the experiments with the dye salt (fig. 3), the hydrogen-ion 
concentration and the dye-anion concentration were initially equal, 
as in experiments with the dye acid alone [6, 7]. However, these 
initially equal concentrations of hydrogen ion and dye anion are here 
not necessarily equal at equilibrium, and small differences between 
these results and those previously reported are to be expected. 

Differences in the initial ratio of hydrogen-ion concentration to 
concentration of the colored anion of the dye, which distinguish each 
set of experiments (figs. 1, 2, and 3), result in marked differences in 
the degree of exhaustion of the dye from the solution onto the fibers. 
The higher is this ratio, the greater is the degree of exhaustion found. 
Since more acid also remains in the bath at equilibrium, the higher 
ratios also result in a displacement of the curve of combination of the 
dye acid in the direction of lower pH values. 

However, neither the degree of exhaustion of the dye nor the 
equilibrium pH obtained with a given initial concentration of dye 
depends solely upon the ratio of acid to dye. With the same ratio of 
concentrations of the two anions, a higher degree of dye exhaustion 
is obtained with hydrochloric acid than with naphthalene-s-sulfonic 
acid. Thus, for example, in the presence of hydrochloric acid, 10.3 
percent of an initially 0.01 M dye solution remains uncombined. 
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4 

pH 
Amounts of acid combined by wool at 50° C when the sodium salt of 
Tl is added in equivalent amounts to either nae hloric or naphthalene-B- 


icid,. 


ye acid combined when the acid form of Orange II : al 
of the single point which lies on a separate curve ‘is exp! 


aphthalenesulfonic acid is used, the corresponding figure is 
recent. Comparable differences appear in the experiments with 
salt. Even greater differences ; appear in the experiments 
arge excess of acid (fig. 2), where 3.3 percent of the dye remains 
ined in the presence of aati acid while a much larger 
, 35.3 percent, remains uncombined with the same initial 
amounts of naphthalenesulfonic acid. Differences in the degree of 
‘haustion of the dye are found even at the same pH and therefore 
cannot be accounted for in terms of the promotion oi dye combination 
which is brought about by hydrogen ions. 
The large differences in the amounts of dye remaining uncombined 
the presence of different second anions can be shown by plotting 
ile amounts combined against the negative of the logarithm of the 
dye concentration at equilibrium. This is done in figure 4, in which 
has been included for comparison data previously published [7] for 
Orange II alone. As the figure shows, in the presence of a large 
excess ‘of naphthalenesulfonic acid the quantity of dye uncombined, 
‘though small, is approximately 100 times greater than when the 
sume excess of hydrochloric acid is present. Similar but smaller 
differences appear in the presence of lower concentrations of the 
second acid. It may be shown that, differences such as these are 
predictable consequences of the anion competition postulated [3]. 
191983—42 3 
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FIGURE 4. Compai ison of the amounts of d /¢ combined by vool at 50° Cat 
equilibrium concentrations of dye (moles per liter) when the dye acid is us 


and when other acids are present in various ratios. 


IV. RELATION OF ACIDITY AND ANION AFFINITY To 
LEVEL DYEING 


The behavior of wool in acid dyeing is conditioned by the fact that 
it contains acidie and basic groups, and by the fact that the dye ions 
commonly involved are anions. Although the anions taken up by 
the fibers are probably held at or near the RNH#, groups, it need no! 
be maintained that dve would not be combined at all except as | 
result of this Coulombic interaction, or as the result of an acid-bas 
reaction. In the absence of these factors, dyeing would still be possibl 
since a part of the forces making for the adsorption of the large dy 
anions would still be exerted. The fiber would acquire a negative 
charge, and some of the cations present would then be electrostatically 
bound.’ However, dyeing behavior would be greatly altered in its 
relation to concentration of dye, and pH. 

The effect of hydrogen ion on the combination of dyes is distinct 
from that of other common cations, because of the presence of weak 
acidic and basic groups in wool. Unlike such ions as sodium, hydroge 
ion can form a covalent bond with oxygen at carboxylate groups, and 
is therefore bound to a greater extent. Thus, the addition of hydroge 

7 Although the forees binding the anion to the fiber may be only in part ionic (coulombic), as is WT 
the wide difference in the energy of binding of ions of low and of high affinity [6, 7], the contribut 
ionic energy is very important. The latter exerts an influence over sufficiently great distances t« 
distribution of the ions in solution in a manner favorable to the interaction of the short-range (van der W 
forces. These forces operate more effectively when the ions approach the fiber closely under the 


of longer range (coulombic) forces. In the absence of the latter, the amount of noncoulombic 
possible would be much reduced, and with the smaller ions, might be entirely negligible. 
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olution containing a dye will tend to promote the exhaustion 

» by increasing the positive charge on the fiber. 
been shown by the measurements described in the preceding 
at, besides the hydrogen ion, the anion introduced with the 
the equilibrium between the wool and the dye. The 
the addition of acid is clearly twofold. The hydrogen ion 
the tendency of dye to combine with wool by lowering the 
as in all the experiments previously reported. There is, 
a tendency of the anion of the second acid itself to combine 
wool. By thus competing with the anion of the dye, the 
the second acid reduces the increased exhaust which is due 
ldition of excess hydrogen ion. Indeed, if the tendency of 
¥ anion to combine is sufficie ntly great, its competitive e fect 
wullify and even reverse the tendency of the hydrogen ion to 
« exhaustion of the dye onto the fibers. With hydrochloric 
exhaustion-promoting effect of the hydrogen ion far out- 
he competitive effect of the chloride ion. With naphtha- 
lfonie acid in excess the opposite is true: combination of the 
th its anion occurs to so great an extent that combination of 

s with the dye anion is greatly reduced (fig. 4).8 
ns other than that of the dve may affect the results obtained 
lveing in another way. When the acid form of Orange IT is 
ne (6, 7], the fibers alw: ays appear to be dyed uniformly. 
copic examination of cross sections show that the fibers are 
“solidly”? (. e., uniformly throughout their cross section) as well. 
ag en and solidity of dye distribution are obtained 
her high or low concentrations of naphthalenesulfonic acid 
<0 «present,  iioisoes, when hydrochloric acid is used, the 
ire dyed very unevenly and lack solidity. In general, an 
dveing usually results under conditions which lead to com- 
with a very high percentage of the dye initially present in 

th, that is, to a high degree of exhaust. 

is considered that even carefully selected and purified fibers, 
those used in the present work, lack uniformity, not only with 
pect to size of cross section but also with respect to previous history, 
orrelation between unlevel dyeing and high exhaust may be under- 
Differences between fibers, or parts of fibers, are known to 
sult in large differences in the rates at which dye is taken up. Under 
litions favorable to a high degree of exhaust, the parts of the fibers 
h dye quickly are soon heavily dyed, and other parts of the fibers 
‘only be lightly dyed or are not dyed at all. At equilibrium, the 
ve would probably be distributed uniformly, but the rate at which 
iredistribution may take place is greatly limited by the low concentra- 
tion of dye in the bath, and by the extremely low tendency for dye 
dissociate from the more highly dyed portions. By keeping the 
ivdrogen-ion coneentration low, or by providing large quantities of 
asecond anion that reduces the extent of combination of the dye, one 
my increase the tendency for heavily dyed fibers to dissociate dye 
ito the solution. Redistribution of the dye can then occur relatively 


rapidly. 
If this interpre — is correct, if follows that level dyeing will, in 


general, be promoted by the presence of colorless anions having a 
—$—— TT 

r competitive effects have 
aids by charcoal [1], 


been demonstrated in the effect of various salts on the adsorption of 
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relatively high affinity for the fiber, and which therefor 
effectively with the dye. The sulfate ion, which is usually addoe 
dyebaths in the form of Glauber’s salt, must be expected to | 
leveling effect just described. The affinity of sulfate for woo! 
slightly lower than that of naphthalenesulfonate and is very my 
greater than that of chloride. Nevertheless, work as yet unpublisly 
has shown that naphthalenesulfonate presents some advant: 
sulfate as a leveling anion in the acid dyeing of wool, espe: 
dyes are employed with which it is difficult to achieve level , 
effects. Although many factors enter into the choice of a | 
agent, such as effectiveness in wetting, penetration of fabrics, ; 
ing of the dye, and cost, the present studies indicate that th, 
choice aside from these factors may depend on the affinity of th 
employed; with dyes of relatively low affinity, no better con 
isneeded than that now afforded by the addition of Glaub 
Indeed, too effective competition by anions of high affinity w: 

to resistance to dyeing, uneconomic exhausts, and a reductio 
wash-fastness of the dye. However, with dyes of greate: 
leveling agents capable of more effective competition that 
Glauber’s salt should be expected to improve dyeing, espe 
blends of different wools; they should not reduce wash-iastness 
they can be effectively removed by a cold-water rinse. 
studies [7] furnish a basis for the selection of such leveling agent 
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LYSIS OF THE SELECTIVE COMBINATION OF WOOL 
WITH ACIDS IN MIXTURES 


By Jacinto Steinhardt! 


ABSTRACT 


mmersed in mixtures of two strong acids, or of one acid and a salt of a 
mbines with these acids in unequal amounts. . The present paper 
rates that the results obtained with mixtures may be predicted with fair 
ition from the anion-wool dissociation constants previously assigned to 
, on the basis of titration data. Methods are described for calculating 
icid and the relative proportions of each which are bound. Conversely, 
shown that approximate values of the dissociation constants may be 
| from the results of experiments with mixtures. 
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Selective combination of anions in mixtures of two acids 
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I. INTRODUCTION 


shown elsewhere that wool, immersed in mixtures of two 

acids, or of one acid and a salt of a second, combines with these 

unequal amounts [6].2~ When present in initially equimolar 

s with either hydrochloric acid or naphthalenesulfonic acid, 

dye as Orange II is transferred from the solution to the fibers 

completely than when the dye acid alone is used. This effect 

‘ pronounced in the presence of hydrochloric acid, which has a 

w affinity for the fibers [1, 4, 5], than with naphthalenesulfonic 

hich has a considerably higher tendency itself to combine with 

[In fact, with high ratios of naphthalenesulfonic to dye acid, 

exhaustion of the dye from the solution is reduced rather than 
ed. 

rest attaches to these measurements not only because of their 

on the control of dye exhaustion, but also because it has been 

i that differences in the level dyeing properties of these mixtures 

pany the differences in their tendencies to transfer dye to the 

6!. It is the purpose of the present paper to show that these 

lieasurements are consistent with the theory which was developed to 

explain the differences between titration curves of wool obtained with 
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different single acids. Thus, :¢ .s shown here that the results obtained 


with mixtures may be pred: :d with fair approximation from thg 
aoion-protein dissociation c » ants, previously —— > each 
anion on the basis of titrat’ . data. Conversely, it is also showy 
that approximate values cf t 2 dissociation wed ag may be cald 
culated from the results of cx -riments with mixtures. 
II. BASIS OF “iE CALCULATIONS 

When wool is allowed to at ‘in equilibrium with a dilute s lutiog 

of an acid, the amount combin i (given as a fraction of the maximum 


of about 0.83 mmole/g) is decribed with good eppntination (2} 
by the equation 

Amount combined _ 3 1 

Maximum combined 7 4 Bay’ Qy’* + (AG) 

ee E + (y") | 

in which ay represents the activity of hydrogen ions and the k’s 
are mass-law constants characterizing the following dissociation 
processes 


Kx WHA=WHt-+A- 
Ky’ WHA=WA- + H* 
Ky WHt=W*-+H*, 


in which W+, WH’, ete., represent ionic states of wool. The interrela- 
tions between these three dissociation constants and one other, Ky’, 
which characterizes another equilibrium 
K,’, WA-=W+-+A7 "y 
have been discussed elsewhere [1, 2, 4]. Equation 1 was derived by 
combining these equilibria and defining B/T as 
[WHA]+[WA7] i a aa 
[WwW TA] v4 (WA ; (WH 4 Wwe on the basis of assumptions discussed 
elsewhere {2]. 

In experiments involving two different anions, two sets of anion- 
protein dissociations must be distinguished. This will be is by 
writing K,’ and K,’ for the constants determining the equilibria 
involving the anions A; and A». a; and a, represent the activities of 
these anions. The anion common to all of the experiments, Orange 
IT, will always be characterized as Ay. By combining the six possible 
equilibria involving wool, two anions, and hydrogen ion, one may 
derive an expression for the total acid combined, as a fraction of 
total possible combination of acids, by defining the following identity: 
Fraction of maximum bound 


Ne 





oat [WHA A.J [W H. A.|+[WA.] ' a A] . 
~ 7 [WHA,]+[WHA,]+-[WA,-]+[WA, {WH ]+[W2 . 
2 I bs 4 
(KK) (Ku) x)" + (Ka) 
I+ Rye (aK, Kn’)” (aq)* + (Ka’ 1) =| 


In the remainder of cry paper the bracketed expression in the de 
nominator will be written f(aq).’ 


' : : Ky , ' 
3 It is sometimes useful to express B/T in terms of the ratio 3 16 hereafter designated p. 1 
42 
ample: 





mds 


\ 
ar 1/24 p(qu—a1 yas (aa) 

This rearrangement shows (cp. with eq 1’) that in the presence of a large excess of the acid of lower ite 
the position of the mixed titration curve approaches that characterizing the combination of wool with 
latter acid alone. 
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III. ANALYSIS OF THE EXPERIMENTAL DATA 








































+] : : . "i . : . 
> we A quantitatrve comparison of 1 theoretical expectations with 
CACHH je results of experiments may ha’ any or all of three purposes: to 


(OWN octablish the validity of the reasonii and of the premises upon which 
Calg 4). theoretical expectations are be- d (in this case, the concept of 
versible anion-protein association’ fo establish, for practical pur- 

noses, a basis for predicting the effe. s of variations of certain experi- 

; ental quantities (prediction of the “cet, on the degree of exhaustion 
ON of the dyebath, of the amounts or ‘\e nature of the acids, dyes, and 
UN other substances present); or finall’ to derive from the experimental 
21H data numerical values of the nat*ral constants which may be in- 
volved (to determine affinity constaiis from the results of experiments 

1)@ with mixtures of anions). The present calculations deal with all 
three of these purposes; however, because of the complexity of the 

tions among the many variables involved, it is more convenient 








It 
k's serve each of these purposes separately. 
(lon 
1. TOTAL ACID BOUND IN MIXTURES OF TWO ACIDS 
The first purpose of these calculations, as listed above, may be 
accomplished, in part, by showing that the amounts of hydrogen ion 
nd of each of two anions combined by wool can be estimated directly 
PARLE 1.—Combination of wool at 50° C with two acids initially present in 
equimolar proportions 
] 
by [1. 04 g of dry wool to 100 ml of solution] 
ee 2d anion | 
} » Coe"), | Final | 'Total acid’) Ammonia! Total acid | Dye com- | combined aes 
eC f ea h pH neutral- | evolved | combined | bined (by diff- Dye not combined 
sins ized ference) | 
- ae | 
n- A. Orange IT plus hydrochloric acid 
hy “ 
Le Moles/liter mmoles/g | mmoles/g | mmoles/g | mmoles/g | mmoles/g | Moles/liter % | 
"la (025 1.50 1.197 0. 252 0.945 0. 96 —0. 015 0. 0150 60.0 | 
of O15 1.78 | 1. 062 . 182 . S80 .93 —, 05 . 0050 | 
. 010 2.04 0. 866 076 . 790 . 864 =, 074 . 00103 10.3 | 
ve 007 2,24 695 . 020 . 675 . 670 +. 005 00007 LO 4 
] 005 2. 42 . 541 . 010 531 . 483 . 048 ; wees.” 
AC 0035 2. 63 ’ 3 wobsade . 410 . 388 072 z 
iV 0023 2.94 Hes esr . 287 . 223 . 050 ser ft 
| . 0016 3.14 wiki ome “ = 236 . 155 . O81 wwe fi 
1e 0011 3. 40 eae ; 157 . 107 050 Saar 
0007 3.71 P — : . 128 . 067 . 061 | 
Y 0004 4.20 073 . 037 . 036 
B. Orange II plus naphthalene-6-sulfonic acid 


0. 025 1.55 1. 409 0.333 | 1.076 1. 097 —0. 014 0. 0137 54.9 | 
015 1.82 | 1. 138 . 206 0. 932 0. 924 +. 008 . 00542 36.1 | 
. 010 2. 08 0. 961 .101 . 860 . 820 . 040 . 00151 15.1 | 
. 007 2. 34 . 790 . 026 . 764 . 656 . 108 . 00021 2.9 | 
. 005 2.65 | . 690 . 010 . 680 - 482 . 198 - 000062 A a 
. 0035 | 2.98 2 : au . 535 . 338 197 . 000015 0.4 | 
. 0023 3. 32 i eae . 365 . 222 | 145 . 0000058 .3 
0016 3. 62 aa oa . 258 154 «| . 104 0000025 oa 
. 0011 | 3.89 : ; . a es a 106 | . 069 
. 0007 |an 3}. ; ae . 068 | . 035 
. 0004 4.72 a mee . 057 -039 | 018 


he initial concentration of hydrochloric acid in this single case was 4 percent lower than the dye con- 


centration, 
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from the amounts of each of two acids, or their salts, pre 
equilibrium, and from the several dissociation constants involved (jre. 
sumed to have been measured independently). This requiremey; 
involves merely the application of eq 2’ to the experimental (aj, 
already described in part in another paper [6], and given more filly 
in tables 1, 2, and 3. 
Such a test of theory is neither as broad nor as useful as it 

be, because the concentrations of the two anions at equilibriw 

not truly independent variables (i.e., cannot be controlled sim 

the will of the experimenter), but are fixed, in part, by the anion- 
protein equilibrium constants. Since the latter also figure directly 
in the calculation, the quantilies a, and a, of eq 2’ are introduce. 
somewhat redundantly. A treatment formulated in terms of th 
initial quantities and the dissociation constants would be both more 
elegant and more useful, because the initial concentrations, A; and A. 
rather than the final concentrations, a, and a, are directly controlled 
not only in the present experiments, but in practical dyeing as well, 
However, an analysis in terms of equilibrium concentrations, though 
less useful, is easier. 


at 


TaBLE 2.—Combination of wool, at 50° C, with two acids, one of which was i) 
present to 10 trmes the amount of the other 


{In A, 1.033 g of dry wool were used with 100 ml of solution, 
In B, 0.87 g of dry wool were used to 75 m1 of solution] 


+ 2d anion 
Ammonia} Total acid) Dye com- | combined 
evolved | combined bined | (by differ- 
ence) 


aie . 1 Total acid 
nitial concen- Final nck, 

pam: e neutral- 
ized 


tration of dye pH Dye! 


A. Orange II (1) plus hydrochloric acid (10) 
a a a eT a na, 

moles/liter | | mmoles/q | mmoles/q mmoles/a | mmoles/q | mmoles/g | moles 

0.010 1.160 | 0. 248 0.912 | 0. 930 —(), O18 0. 000329 

007 2 0. 902 | . 080 822 | 672 +. 150 000050 

005 ) . 825 040 | . 785 .481 | . 304 - 00001 

.0035 | 5 754 | , 022 | . 733 oo 396 . 000005 

- 0023 ) . 66 .010 . 650 

. 0016 

OO11 

. 0007 

. 0004 

. 0002 } 


f 


B. Orange IT (1) plus naphthalene-8-sulfonic aci 


0.015 
.010 
. 007 
O05 
. 0035 
. 0023 
. 0016 
OO11 
. 0007 
. 0004 


0. 545 1. O8 0. 54 
. 426 1.07 56 
. 307 1. 003 
As & | 0. 859 
. 100 R58 
028 .817 
. 020 . 7R1 

, 684 
. 524 
. 308 


BD et ed et pet et 


WO me WS 
VII DE 


Go 8 to 


! Based on combination with all dye present. The dye remaining uncombined was too dilute to | 
accurately in the colorimeter, although color was visible Che figure given for dye combined is t! 
high, possibly by as much as 0.01 to 0.02 mmole/g. The figures for naphthalenesulfonate combine 
therefore be correspondingly low. 
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Combination of wool, at 50° C, with two anions initially present in nearly 
equimolar proportions with hydrogen ion 

iment marked with an asterisk the initial acid concentration was 3 percent higher than the 

ilt concentration. 1.04 g of dry wool in 100 ml of solution, except for experiments marked f, 

).87 g of wool were immersed in 75 ml of solution] 


Sodium 
Total acic ae , ion com- 
: on _ Ammonia | Totalacid | Dye anion bi nani Dver 
it al- } ] med DY eno 
; " evolved combined bined , . 
ized differ- 
enc 


Final 
pu 


r 


A. Orange II (sodium salt) plus hydrochloric acid 


mmoles/q mmoles/q 


1. 070 5 ), 925 9x2 057 OIS7 
973 090 ; O70 87 00916 
RO3 14 47 ) 043 0049. 
S00 2 TN $3 OOLOS 

4 7 OOORS 
OOOO 


OOO06 


Oo001 


00001 


02003 
01023 
OO575 
OOLS6 
00120 
00047 
000432 
000264 
Q00262 
OO0145 
OO0067 
QU0045 


OO0040 


ements showed that no detectable quantity of chloride ion was combined. 
e values in this column indicate that more naphthalenesulfonate ions than sodium ions were 
but do not necessarily give the amount of naphthalenesulfonate combined. 


earlier work involving combination with a single anion, the 
itration or activity of each ion was determined from the pH or, 
salts were present, from the pH and the predetermined level at 
which the anion concentration was held constant. In the present 
experiments, with two acids, analogous information may be obtained 
from the pH and the colorimetric estimation of residual dye anion; 
in addition, total dissociation may be assumed, and concentrations 
may be freely substituted for activities, the concentration of the 
second anion may be obtained from the relation [H*]=[A,]+[A,]. 
The validity of this relation depends not only upon the assumptions 
just stated, best approximated in very dilute solutions, but also is 
allected by the presence of cations other than hydrogen ion.* 

The correctness with which eq 2’ describes the data obtained with 
mixtures may be tested by calculating B/T (total acid bound) for any 
of the sets of data in tables 1 to 3 making use only of the pH values 
and the values of a; (dye not combined). Only the data in table 1 (B), 


cations may be from the ash in the fibers, or may be produced by decomposition of the wool, 
imonia alone is produced, the relation becomes {H+]+[NH*]=[Ai]+[Ag]. The neglect of ash 

traces of other decomposition products of the woul, when using this relation, affects many of the 
ns ir this paper, to some degree. 
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however, permit a significant comparison with the equation, since g 
(to which the equation is sensitive) can be estimated with accurgey 
only when the exhaustion of the solution is not too extreme. Whey 
salt is present (table 3), the degree of exhaustion is not high but thp 
calculation of a; presents difficulties. With these parameters, an 
the constants previously reported (/tq’=0.0000932; Ay’ =0.0208: 
Kk,’ =0.000232), theoretical values of the total acid bound have beep 
computed and are represented graphically by the broken line jy 
figure 1. For purposes of comparison, the amounts of each of the 
two acids which are combined by wool when the acids are not mixed 
are also represented. It is clear that the results predicted by eq 2’ 
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FicureE 1.—Total acid combined by wool, as a function of pH, in initially equim 
mixtures of naphthalene-B-sulfonic acid and the dye acid, Orange II. 


The results obtained with each acid alone are included for comparison. The broken line represents eq 2’. 


come very close to the experimental values over a wide range of the 
data. The most serious discrepancy, at the top of the figure, is due 
to the fact that more acid may be combined than the amount, 0.5 
mmole/g, which has been taken as the maximum for the particular 
mechanism of combination represented by our equations. ‘This 
excess combination, the cause of which has been discussed elsewhere 
[4, 5], will result in similar discrepancies when amounts over about 
0.7 mmole/g are bound, in all similar comparisons of theory and 
experiment in the present paper. 

Just as the mechanizm of combination with these ‘‘excess’’ amounts 
is left out of consideration here, the separate mechanism of combina- 
tion for very small amounts, by means of combination with histidine 
residues, is also neglected [3]. In this case the amounts involved are 
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that combination of hydrogen ions with imidazole groups has 
mped together with combination of hydrogen ions with car- 
eroups, and expressed in the same constant. 


2, SELECTIVE COMBINATION OF ANIONS IN MIXTURES 
OF TWO ACIDS 


ilfillment of the second purpose of these calculations (p. 427) 
furnishes a further test of the concepts underlying the derivation 
The ratio, 7, of the amounts bound of the two different 


__[WHA+[WAi 7] _ fai Ao" \*, . 
we [WHA,]+[W A, ~] os K’) (3) 


relation may be tested on the data in tables 1 and 2. Where 
rate estimates of dz and a; are given in these tables, a; may be 
ted from the pH and from [7'—4], defined as the part of the 
which is not combined with acid. 


eo y 
a f (ay) 


\ ma)” (dy ) \ =. * 


) 
“ 


a,” 


(4) 


his relation is valid only if concentrations and activities may be 

nterchanged. (7'—B) must be converted from millimoles per 

of wool into units which refer to equivalent concentrations of 
the solution. 

By combining 3 and 4, an expression for 7 is obtained which depends 

[—B), ay, and on the initial amounts of the two acids, A; and Ag: 


| ARK.’ 2 
yt pt 
4A,k,’ 
V i (TF “By (ao) 


obvious that in the limiting case of very high ay, 7 is determined 
the ratios of the initial amounts, A;/Ao, and of the A’s. At this 
KX,’ for an unfamiliar anion could be determined at once if the 
her constant were known. Unfortunately, a clear-cut limit. is 
r realized because of the additional combination with acid which 
kets in. at low pH. 
A third and most direct method of calculating r is to calculate the 
amounts of each anion bound: 


ay 


“- (6) 


a, and ag are given by eq 4. 
In tables 4 and 5 are summarized the results of the three tvpes of 
computations just described, for three of the experiments with mix- 
tures of two acids. In the fourth experiment the amounts of the 


H4+Ky!} 
(WH+]+[W *]=[W *] [= K Ku *) + Equation 4 is derived by combining this relation with 
tH” 


A\-[WHA\]—[WA?}. 
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second acid bound are too small to permit a significant co) parisom 
with theory. r itself has not been tabulated, but the total amoyn; of 
acid bound and 7, as calculated from the equations above, have | 
combined to give the amount of the second acid bound. This fg¢i); 
tates graphical comparison with the experimental values. 

4 the first column under naphthalenesulfonice acid bound 
experimental value; the other columns give the values calcula 

each of the methods described above. It is apparent that all of 
methods give comparable results and that most of these res 

fairly close to the experimental values. This comparison 

clearer in figure 1 of an earlier paper [6], in which the values given | 
eq 4 and 5 are plotted together with the experimental dat The 
values obtained from the equations all tend to be higher than thosg 
found experimentally, but they agree in their general trend and in thal 
position, with respect to the pH coordinate, of the maximum amount 
bound. The closeness of the agreement between anpertines 
theory can best be indicated by noting that a difference of ( 

unit in the position of the titration curve for naphthalenesulfor 
alone would have given a value of Ay’ such that the agreen 
experiment and theory would have been almost perfect. 


TABLE 4.—Comparison of data obtained with equimolecular mixtu 
naphthalenesulfonic acid and Orange II, with calculated valu 


Naphthalenesulfonic acid bound 

Total j 

amount | Calculated 

Experi- | Caleulated | Calculated — 

mental by eq 3 by eq 5 given by | 
eq 4 


of acid 


bound 


mmoles/g mmoles mmoles/g mmoles/g mmoles/g 
0. 764 0. 108 0. 241 0. 169 0. 160 
. 680 . 198 .252 | . 229 . 242 
535 .197 .238 | .214 . 247 
~ 145 . 166 . 154 . 187 
.104 | 114 07 4. ae 
. 069 | . 069 095 
035 i 2 ; . 035 . 062 
. 018 | . 016 } . 036 


Although all of the methods of calculation are based on forms of 
the same equation (eq 2’), it is not a foregone conclusion that ~ 
must necessarily yield idential values, since the experimental quan- 
tities used in each calculation are different. Thus, the v ralues li ted 
in the second column of table 4 made no use of the pH, of the total 
amount bound, nor of the initial amounts of acid present; those listed J 
in the remaining columns made no use of the residual concentrations o! 
the two anions at equilibrium. Those listed in the fourth column 
made no use of the affinity constant of the dye anion. All of these 
several quantities are interrelated if the theory is correct; the extent] 
to which they are found to be consistent renders support to the 
theoretical conception behind them. 

In table 5, similar calculations are carried out for the data obtained 
with unequal amounts of the acids, but only eq 5 and 6 have been 
used. The calculations are limited to a range of pH values in which 
no appreciable decomposition of the wool oc scurred. The theoretical 
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figure 2 of an earlier paper represent these calculations. 
tions with the other methods have been omitted, partly 
data were not obtained which were adequate for the appli- 
{ eq 3, owing to the small amount of dye left in solution. 
lculating the data given in table 4, the combination of acid 
small amount of histidine present in wool was taken into 
in the simplest way possible by considering it to be quanti- 
combined with the anion of highest affinity. Accordingly 
int of acid combined with the carboxyl groups was then 
ed by the equation pre ‘viously given, on the basis of 0.79 
maximum instead of 0.82, and 0.03 mmole g of the dye was 
to the resulting amount of the predicted dye bound. This 
ire was not followed in calculating the values for table 5, 
the larger proportion present of the anion of lower aflinity 
result in a more even distribution of the two anions bound 
ack-titrating histidine as well as when back-titrating the 
| groups. It therefore appears reasonable to achieve? an 
mation by considering the amount combined as if it were_a 
1 of one homogeneous set of groups. 


Comparison of further data ohtainer ] with mixtures of acids, with theo- 


retically calculated values 


Amount of colorless or 
Total ‘second’ anion bound 
amount a ; 
of acid ee 
. . Calculate 
bound Experi- ilculated 
t by eq 


nental 
mental 5or6 


A. Hydrochloric acid and Orange IT (10:1) 


mmoles/g mmoles g 

0. 785 0, 304 
33 396 

. 428 

. 408 

. 350 

oid 

. 184 

.073 


B. Naphthalenesulfonie Acid and Orange IT 
| 


0. 512 
. 569 
. 459 


979 


ele 


STIMATION OF ANION AFFINITIES FROM EXPERIMENTS WITH 
MIXTURES 


value in demonstrating that the experiments with mixtures 

is are in harmony with the concept of anion-protein association 

the ensuing practical possibility of calculating the affinities for 
|/K’4’, of anions of high affinity, from such experiments. When 

such anions are under investigation, the pH values at the midpoints 
of titration curves obtained with their acids are high owing to almost 
quantitative transfer of the acid to the fibers. The disadvantages 
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of working with such extremely unbuffered solutions are well knoyye 
the presence of even small traces of the more common acidije jn. 
purities, such as hydrochloric or sulfuric acid, which remain pa i 
uncombined, may result in fortuitously low pH values [5]. 

ture experiments, the addition of equivalent amounts of acids of 
lower affinity for wool brings the entire titration curve into a mor 
convenient region oi low pH values; likewise the presence of knowd 
amounts of the second acid minimizes the effect of the presence 
traces of other impurities. 

Numerous methods are available for calculating K,' from K! 
depending on which of the other experimental v: ariables are | nown 
The simplest of these is based on eq 3, which requires only knowled « 
of the amounts of the two anions taken up at equilibrium, and of th 
amounts leit in solution. Only two sets of experiments given jg 
tables 1 and 2 contain sufficient data at amounts of total acid bound 
well under 0.8 mmole/g to permit calculation of the ratio K,’/K4 
with this equation (table 6). It appears that the value obtained iq 
the presence of chloride, the anion of low affinity, may be morg 
reliable than the value obtained with the anion which offers creates 
competition. This result appears also when other methods are us 


0) 


TABLE 6. Calculation of Kk,’ Orange I] wool dissociation constant) 
data 


Experi 


amounts 
bound 


A Naphthalenes | 


| } 

0. 689 06 | 0. 00458 0. 000096 
535 ) 53 , 00466 000097 
365 6 ( 00524 | .000109 

258 . 675 9. 74 - 00480 | 000100 


avg 
0. 600103 
—log K2’= 


3. 99 
B. Hydrochloric acid (10:1 


1. 392 74.5 0. 000324 0. 000170 
—log Ky’= | 

*3. 77 
} 


*The value of —log Jv9’ previously found was 3.64 [5]. 
4. MIXTURES OF A DYE SALT AND AN ACID 


Two sets of data obtained with the sodium salt of Orange IT, with 
hydrogen ions furnished in one case by hydrochloric acid and in th 
other by naphthalenesulfonic acid, are given 1n table 3. The essential 
feature of these data is the closeness with which they parallel data 
obtained with the pure dye acid [6]. This similarity depends very 
critically on maintaining an exact equivalence between the two com- 
ponents of the mixture: if even small excess amounts of acid are pres- 
ent, considerably lower pH values are found, because the pH is then 
largely determined by the excess amount of acid of relatively low 
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ty. This fall in pH results in a further separation of the results 
ned with the dye salt plus hydrochloric acid from those obtained 
th the dye acid itself. With dye salt plus naphthalenesulfonic acid, 
ver, a slight inequality of acid and salt has a smaller effect. The 
on of the latter itself combines with wool to a measurable extent, 
at the high pH values which characterize the curve for the dye, 
d thus a larger fraction of the excess hydrogen ions is combined. 
Chloride, unlike naphthalenesulfcnate, competes with the dye anion 
«0 ineflectively that it is not combined to a measurable extent. In 
ct the difference between the position of the hydrochloric acid dye 
ive and the position of the curve for the dye alone may be attributed 
to the presence of cations other than hydrogen (Na*), rather than 
to the presence of a competing anion. Owing to the high tendency 
of dye anions to combine with wool, the fiber acquires a negative 
charge, Which in this case can be neutralized by sodium ions as well 
as by hydrogen ions. Thus some sodium ions combine with the fiber 
in place of hydrogen ions, leaving the solution slightly more acid than 
when the same amount of dye is taken up from solutions of dye acid. 
Some sodium ion is also taken up from mixtures of the dye salt with 
naphthalenesulfonic acid; here, however, combination with naph- 
thalenesulfonate also occurs (table 3,B) and the net result is a decrease 
n acidity. 
An approximate equation for mixtures, which relates the pH at 
which half the maximum amount of acid is combined to the degree of 
xhaustion of the dve from’the solution, may be developed by rewriting 


q 2’ and eliminating a, by setting it equal to [H*]+[Nat]—[A,]: 
PIN 
p(Kk,’)” Se 

TT Tes wo APCS ——— f (Gz)’=1 

(HF TFINa*|— (Aa) oly "= 
where @y represents the activity of hydrogen ion at which half the 
maximum amount of acid is combined. This may be simplified by 
considering that the quantity [Na*]—[A,], hereafter written 6, is equal 
to the difference between the dye taken up and sodium taken up, and 
that 6 is so much larger than [H*] at the midpoint of the curves that 
no significant error is caused by writing 6 for [H*t]+6. These substi- 
tutions and rearrangement of terms give 
Kk,” Ay” : (Ky) 


aa | ay 
p 2 


la 


=I. (7’) 


*-+-(Ra )” 


In both cases under consideration in this paper, 6”/p is always very 
much smaller than |A,]”, and may be neglected in a first approxima- 
tion. The resulting approximate expression, 


K.¥% Ay” | (Ky) = 
‘ Pye tien Pag ee r 7N1 =1, 
[Ap] * Ga’ (Ky Ph (7 ) 


is identical with the exact relation that holds for titration with a 
single acid (eq 1’’, with a@q=a2). Unlike the latter, however, [Ag] 
is not necessarily equal to [H*]. Thus the equation shows that 
acids such as hydrochloric, which reduce [A:] below the value charac- 
teristic of titration. with the pure dye acid (increasing the exhaustion 
of the bath), give a curve of combination the midpoint of which lies 
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at lower pH values than that obtained with the dye acid; and 
the opposite is true for an acid which diminishes the exhaust, sy 
as naphthalenesulfonic. These qualitative conclusions are confirme; 
experimentally. Unfortunately, neither eq 7’’ nor 7’ can be applied 
for a direct determination of A,’, because of the great sensitiy 

the calculated values to error in the measurement of the dye | 
uncombined, a quantity which it is more difficult to determin: 
high accuracy the more highly exhausted is the solution. In all of 
the experiments, a small part of the acid added is neutralized }y 
base combined with the fibers as ash; this loss of acidity affects ¢h, 
exhaustion of dye to an appreciable extent when the exhaust is yer 
high, and the dye left uncombined is always higher than that p, 
dicted by the simple theory presented here. 

It thus appears that whenever, for reasons of convenience 
desired to work with a dye salt rather than a dye acid, fairly ac 
estimates of the affinity of its anion for wool may be obtained 
estimate is based on experiments in which a strong acid of espe 
low affinity, such as hydrochloric acid, is added to solutions o 
dye salt in exactly equivalent amounts. li the latter condition 
observed, the pH values found at a given degree of combinatio 
the dye will be only slightly lower than those obtained with the 
acid. Attempts to calculate more closely the position of the c 
for the dye acid itself by taking into account the degree of exhaustio 
of the dye, as in the equations above, are likely to lead to results 
of lower accuracy than estimates of the minimal affinity mad 
this simple way. 


ry 
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FURTHER PHASE-EQUILIBRIUM STUDIES INVOLVING 
THE POTASH COMPOUNDS OF PORTLAND CEMENT 
By William C. Taylor* 


ABSTRACT 


present research on the sysiem h.O.28CaO.12S5i0,-Ca0-5Ca0.3 AlO3 
of the program designed to determine the manner in which K,O affects 
mpound composition of portland cement clinker. ‘Thermal and optical 
e presented and a phase-equilibrium diagram of this system has been con- 
1. The only compounds that were observed in the system under equilib- 
mditions are the components of the system and 38CaQ.Al,O;. The effect 
QO on the compound composition of clinker containing K,O, CaO, MgO, 
Fe:Qs, SiOz, and SOs has been studied also. The only compounds of KO 
to be stable are K.SO,; and K.O.238CaQ0.128i0O,, the K,O combining pref- 
liv with the SOs; present. 


CONTENTS 


[Introduction 
I.xperimental method 
Phe system K,0.23Ca0, 128i0.-CaO-5Ca0.3 Al.O3 
1. Binary systems of the components 
(a) The system K,O.23Ca0.128i0.-CaO 
(b) The system CaQ-5Ca0.38 ALO 
(c) The system K.O0.23Ca0. 128i0.-5Ca0.3 ALO; 


2. The ternary system 


3. The boundary curves 
‘t of SO. on the constitution of elinkers containing K»O 
1. Stability of K.SQ, with clinker compounds 


Be 
Tec 


2. Reiation between K.SO, and the glassy phase 
3. Consideration of the constitution of clinker containing K,O as 
influeneed by SO 
4. Potassium sulfate in commercial clinker 
Kffeet of MgO on the constitution of clinker containing K,O 
Summary 
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I. INTRODUCTION 


The compositions and the amounts of the various compounds in 
portland cement clinker are determined by the relations of the several 
oxides to one another during the thermal treatment given the raw mix- 

Because of the complications attending studies of systems con- 
taining more than three components, the most convenient approach to 


relations of the oxides to each other consists in a series of investiga- 


tious of binary and of ternary systems. The most advantageous 
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course of study to be followed in this step-by-step process may }y 
indicated by examining the products of reactions between an esta). 
lished clinker compound and an additicnal oxide or a newly established 
compound. 

This procedure is being followed in determining the relation of 
the component K,O to the other oxide components of clinker. Brown. 
miller [1]! found that K,O0.A1,O; is the only compound of K,0 that wil] 
crystallize from the melt in all portions of the K,0-CaO-AL,O, system 
studied. The present author [2] found that K,O.AI,O; and 4CaO.AL0, - 
Fe,O,; form a binary system with one eutectic, no additional compounds 
being formed. In the same study, it was shown that for a given ratio 
of 4CaQ.Al,0,.Fe.0, to 2CaO.Fe.O;, the solid solution of these two 
compounds and K,O.AI,O; form a pseudobinary system with a definit, 
lowest-melting ccmposition. In the study that followed, it was 
found that K,O.AI,O; reacts with 2CaO.SiO, and with 3CaO.Si0, 
form a potash-lime-silica compound [3]. This eccmpound was later 
shown in the study of the system K,O.CaQ.Si0O,-2CaO.SiO, to have 
the composition K,0.23CaQ.12Si0O, [3]. Examination of the products 
of reactions involving 3CaQ.Al,O., 4CaQ.Al,O;.Fe,0;, and K,0O.- 
23CaO.12Si0, revealed that K,0.23Ca0.12Si0, exists in a region of 
the K,O-CaQ-Al,0,-Fe.O;-SiO, system in which portland cement 
compositicns fall. 

The present investigation of the system K,0.23Ca0.12Si0,-Ca0- 
5CaQ0.3Al,0, was undertaken for the purpose of establishing the 
existence or nonexistence of other compouads of potash in the system 
and of determining the fields of stability of the various compounds 
formed when mixtures of K,0, CaO, Al,O;, and SiO, comparable to 


portland cement clinker compositions are heated. 

Since SO; and MgO are components of almost every commercial 
clinker, the effects of these oxides on the manner in which K,O is com- 
bined in clinker were studied, and the results are included in this 
report. 


II. EXPERIMENTAL METHOD 


The compounds forming the components of the system K,0.23Ca0- 
.12S10.-CaQ-5CaO.3AlL,0; were prepared first and the exact composi- 
tions determined by chemical analyses and microscopical examinations. 
This preparation of 5CaO.3Al,0; was found to melt sharply at a 
temperature between 1,454° and 1,458° C as measured by means of a 
calibrated thermocouple. Rankin and Wright give 1,455°+5° C as 
the melting point of this compound [4]. 

Each of the compounds was heated to about 1,250° C for one-half 
hour immediately before the proportioning of the various mixtures. 
The mixtures then were intimately ground in an agate mortar. 
Small charges for thermal study were taken from these base samples, 
the general procedure previously outlined [1, 2, 3] being followed. 
Similar methods were employed in the study of other high-tempera- 
ture reactions reported in this paper. 


1 Figures in brackets indicate the literature references at the end of this paper. 
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III. THE SYSTEM K,0.23Ca0.12Si0,-CaO-5Ca0O.3Al.0; 


1. BINARY SYSTEMS OF THE COMPONENTS 
(a) THE SYSTEM K;0.23CaO.12SiO;-CaO 


9 


Previous studies [8] have shown that there is no reaction between 
K,0.23CaO.12S5i0, and CaQ, in the sense that no additional crystal- 
line compound is formed. The liquidus temperatures in this system 
are beyond the limits of the equipment in use (about 1,600° C), and 
herefore the boundary curve is undetermined. Extrapolation of the 
boundary curve between the fields of K,O.23Ca0.12510, and CaO in 
the ternary system indicates that a simple eutectic may consist of 
about 85 percent of K,0.23CaO.125i0, and 15 percent of CaO (see 

1 showing the diagram of the svstem).* 





Figure 1.—Diagram showing fields of primary crystallization in the system KK.0.23- 
Ca0.12S8i0.-CaO0-5Ca0.3Al,Q3. 


Figures shown are temperatures of invariant points or isotherms in degrees C. 
K20.23CaO.128i02, C3A=3CaO.AlO3, C5A3=5CaO.3A]203. 


(b) THE SYSTEM Ca0O-5Ca0.3Al,03 


This system is a portion of the more inclusive system CaQ-Al,Os, 
reported in detail by Rankin and Wright in their paper ‘The Ternary 
System CaQ-Al,O,-SiO,” [4]. 


2 Since liquidus temperatures could not be determined for all mixtures of the compounds K20.23Ca0Q.12- 
Si02, CaO, and 5CaO.3Al202, there is no assurance that these compounds constitute the components of a true 
ternary system At temperatures below 1,600°C, the behavior of the mixtures is such as may be defined 


by aternary system. Accordingly, the system is referred to as a ternary system throughout the paper. 





440 Journal of Research of the National Bureau of Standards 


(c) THE SYSTEM K,;0. 23Ca0O.12Si0O2-5Ca0.3Al,0; 


No intermediate ¢ — is formed 1 7 this system. The eutectic 
melting at 1,330°+5° C, (point H, fig. 1) consists of 21.5 percent 
K,0.23Ca0. 1: 2SiO, “i 78.5 percent of 5h 'aO.3A1,0; (oxide compos 
tion: K,O, 0.96 percent; CaO, 50.68 percent; Al,O,, 41.00 percent: 
and SiQ:, 7.36 percent). The melting temperatures for the mixtu: 
having compositions ranging from 0 percent of K,0.23CaO.12Si0, a 
100 percent of 5CaO0.3 Al,O; to 40 percent of K,0.23CaO.12Si0, a 
60 percent of 5CaOQ.3Al,O0, are given in table 

srownmiller [1] reported that 5CaO.3Al,0; does not crystallize as 
such in the ternary system K,O-CaQ-Al,O;, but as a solid solution o| 
K,O in 5CaQ.3Al,0,. He observed that the index of refraction of th 
solid solution varied in accordance with the amount of K,O dissolv: 
When the maximum amount of K,O was present (about 2 percent 
the index of refraction was 1.593; the refractive index of pure 5Ca0.. 
3A]1,0, is 1.608. The existence of this solid solution was substantiated 
by regular shifts in the lines of the X-ray diffraction patterns. In t! 
binary system K,0.23CaQ.12Si0,-5CaO.3Al,0;, and in the terna: 
system K,O0.23CaQ.12Si0, > ges? ede no evidence of solid 
solution of K,O in 5CaO.3Al,0, was obtained, no deviation from th 
value 1.608 as the index of 5CaO.3Al,0; being obtained in any cas 


TABLE 1.—Thermal data relative to the system 
K,O0.23Ca0.12Si0.—-5CaQ.3Al,03 
In this and in tables 1 to 6, inclusive, and also in the text where reference is made to the compositions 
the various mixtures, the following abbreviations apply: 
C.S for 2CaO.SiO2 
C3A for 3CaO.SiO2 
for CaO C,AF for 4Ca0.Al:03. Fe203 
KA for K20.Al0 


KC Si2 for K20.23Ca0.12Si0g 
CsA: for 5C a0.3Alh03 
& 
C 


A for 3Ca0.AlO; 


Compositi yn 
Temperature 


of quench Examination 


~ 


All crystalline. 

All glass. 
‘23819; C5A3; trace of glass. 
: glass. 
ht amount of C;As3; glass. 


‘sA3; no glass. 
”293832; C5A3; glass. 


2 Of KC23S 12; glass. 

Glass. 
K C2282; C5A3; trace of glass. 
Occasional grains of K C2382; glass. 
Glass. 
KC 23812; glass 

Small amount of K C2382; glass. 
Gl: iss. 
K Co38)2; C5As; no glass. 
K C3819; glass. 
Sma!l amount of KCo3S,y; glass. 
Glass. 


Dae bed em fh fem fh fd fh cd fh fd mh fh eh fhe fd fh fm mh fed fd th fd ed 





In the report on the system K,O0.CaO.SiQ,-2CaO.SiO, [3], the 
crystals of K,0.23CaQ.12Si0, were described as irregularly shaped, 
somewhat rounded grains, exhibiting polysynthetic twinning. The 
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oduct observed in that study, for the most part, did not crystallize 
ma melt, and it was suggested that the crystals were pseudomorphs 
a-2CaO.SiO,. In the binary system K,0.23Ca0.12Si0,-5CaO.- 
\],0; and in the ternary system K,O0.23CaQ.12Si0.-CaQ0-5Ca0O.- 
\],0, also, it was observed that the crystals of K,0.23Ca0.12Si0O, 
own to have crystallized from a melt did not exhibit twinning. 
is material appeared as almost spherical grains having indices 
ntical with the values obtained in the previous study for the grains 
st twinned; a=1.695, y=1.703. 


2. THE TERNARY SYSTEM 


No new compounds exist in equilibrium with the liquid in this sys- 
cn. The products of final crystallization are the components of the 
stem and 3CaO.Al,QO3. 
The fields of stability of these compounds are shown in figure 1. 
will be seen that the field of CaO occupies by far the greatest por- 
nm of the diagram. The field of K,0.23CaQ.12SiO, is the next 
vest. 
The melting temperatures in the CaO field are very high and, in 
ying away from the boundary curves, soon exceed the limits of the 
rnace employed. The melting temperatures in the K,0.23Ca0.- 
SiO» field, in general, likewise are very high. 
Two quintuple points, that is, invariant compositions at which 
three solid phases may coexist with liquid and vapor, occur in the 
stem. One quintuple point is a eutectic, whereas the other is not. 
‘he solid phases at the eutectic point, point G, are K,0.23CaQ.12Si0O,, 
CaQ.Al,03, and 5CaQO.3Al,0;. It occurs at the composition 20.0 
reent of K,O.23CaO.12Si0., 2.0 percent of CaO, and 78.0 percent 
of 5CaO.3Al,03 (oxide composition: KO, 0.90 pereent; CaO, 51.5 
reent; Al,O3;, 40.7 percent; and SiQ., 6.9 percent). It melts at 
330°+5° C 
At the other quintuple point, point B, K,0.23Ca0.12Si0,, CaO, and 
(CaQ.Al,O; exist with liquid and vapor. Since this point lies outside 
the triangle formed by lines joining the compositions of the solid 
phases, it is not a eutectic. It occurs at the composition 27.0 percent 
of K,0.23CaO0.12Si0,, 13.0 percent of CaO, and 60 percent of 
/CaO.3A1,0; (oxide composition: K,O, 1.2 percent; CaO, 58.3 percent; 
\1,03, 31.3 percent; and SiQ,, 9.3 percent). The melting temperature 
s 1,450°+5° C. 


3. THE BOUNDARY CURVES 


There are two general classes of boundary curves in a tenary system: 

1. Boundary curves along which two phases crystallize together. 
\ tangent drawn to a point on this type of curve intersects a line 
joining the compositions of the two phases crystallizing out. All 
curves which terminate at a eutectic point belong to this class. 

2. Boundary curves along which one phase crystallizes while the 
other partially or entirely disappears. A tangent drawn to any point 
on this type of curve intercepts a prolongation of a line joining the 
compositions of the two phases. When one phase disappears before 
a quintuple point is reached, the crystallization curve leaves the 
boundary and crosses a field to another boundary curve and proceeds 
along it until a quintuple point is reached. 
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The compositions limiting the field of primary crystallization of 
CaO are represented in the ternary diagram (fig. 1) by the curve 
ABDE. The section AB is the boundary curve between. the fields of 
CaO and 3CaQ.Al,0;, and the melting temperatures of the compo- 
sitions fall from 1,535° +5°C at A to 1,450° +5°C at B. This 
boundary belongs to class 2, described above. For melts having 
compositions within the triangle CaO-B-3CaO.Al,O, the crystallization 
curve follows the boundary AB, with 3( 'nQ.Al,O, crystallizing and 
the amount of solid CaO decreasing until the quintuple point is 
reached. If the original composition is within the triangle 
K.O0.23Ca0.12Si0,-CaO0-3CaO.Al,03, CaO is one of the final preducts 
of crystallization. If this composition falls within the triangle 
K,0.23Ca0.12S10,-3CaO.Al,03-5Ca0.3Al,0,;, to the left of a line 
connecting B and 3CaQ.Al,0;, the CaO entirely disappears when the 
temperature falls below that of the quintuple peint B. For compo- 
sitions falling within the area 3CaQ.Al,Q;-B-A, solid CaO wholly 
disappears before quintuple point B is reac she d and the crystallization 
curve leaves the boundary and crosses the 3CaQ-Al,O, field, 
3CaO.Al,O; crystallizing alone until another boundary is reached; 
the curve then follows the boundary to the eutectic. The melting 
relations along the boundary AB are shown in table 2. Charges 
were quenched also at lower temperatures than those recorded in 
the table, but in several cases it was found that CaO grains persisted 
This indicated that a slower rate of cooling would be required to 
establish equilibrium. It was considered inadvisable to maintain the 
charges at the relatively high temperatures for periods greater than 
20 minutes, because of the likelihood of loss of potash through 
volatilization. 


TABLE 2.—Thermal data relative to the boundary curve separating the fields of 
CaO and 3CaQO.Al,03 


Composition 
Temperature 


of quench Examination 
f quencl 


ry small ar nount of C3A; glass. 
races of C and ¢ 5A; glass, 
Glass. 
C; glass. 
g ilas S. 
: Slig cht amount of C3;A and KC238 
C; 
+ Tg 
Traces of C and C3A; gle 
Glass. 
.450 | C; CzA; KC93819; glass. 
,455 | Glass. 


The boundary. curve | BDE separates the fields of CaO and 
K,0.23CaO0.12SiO,. The section DE is an approximation, since the 
melting temperatures in this region extend beyond the limits of the 
equipment employed. It is admitted that there is no direct evidence 
that K,0.23Ca0.12Si0, is a cenaueeney melting compound and that 
the 1 a ariant point between ( ‘aO and K,0.2: 3Ca. 12SiO, is a eutectic. 
The data relative to the section BD are given in table 3. 

The boundary curve BG@ separates the fields of 3CaO.Al,0,; and 
K,0.23Ca0.12Si0, and extends from the invariant point not a eutectic, 
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hich the solid phi ises K,0.23Ca0.12S10,, CaO, and 3CaQO.Al.O, 
to the eutectic where K. 20.23CaQO.125102, 3CaQO.Al,O;, and 

3A1,0, exist in contact with liquid and vapor. The melting 
eratures of compositions defined by this line decrease from1,450° 


‘to 1,310° +5°C. The melting relations are shown in table 4. 

e boundary curve HG, separating the fields of K,0.23Ca0.12Si0, 

5CaO.3Al,03, is short in comparison with the other boundary 

Melting tempers atures of compositions along this curve lie 

veen that of the binary eutectic of K,0.23Ca0.12Si0O, and 

5Ca0.3A1,03, 1,330° +5°C, and that of the ternary eutectic of 

k.0.23Ca0.12Si0,, 3CaO.Al,0;, and 5CaQ0.3Al,03, 1,310° +5°C. 
Thermal data pertaining to this boundary are given in table 5. 

The boundary curve FG, separating the fields of 3CaQO.Al,O, and 
5CaQ.3Al,03, extends from the binary eutectic of 3CaQ.Al,0, and 
5Ca0.3Al,0; to the ternary eutectic cf the system. The tempera- 

s along this line fall from 1,395° +5°C to 1,310° +5°C. Data 

ative to this boundary are given in table 6. 

3.—Thermal data relative to the boundary curve separating the fields of 
CaO and K,0.23Ca0.128i0, 


Composition | 
Temperature 


‘xaminatic 
of quench Examination 


’; trace of KC 23512; gis 
glass. 
; ’ trace of K Co3S;2; glass. 
600 | Small amount of C; glass. 
,575 | C; glass 


, 600 K Co3812; glass. 


Thermal data re to the boundary curve separating the fields 
K,O.23Ca0.12Si0O, and 3CaO.Al,0 


Cx mposition 
Temperature 


P Examination 
of quench 


KC23542; 

Glass. 

K Co3812; C34; glass. 

Slight amount of C3A; glass. 

Glass. 

Small amount of KC23S;2 and C3A intercrys 
tallized; glass. 

Gl as 

Traces of KC 23S;2 and C3A; glass. 


Slight amount of KC238;2; glass. 

Glass. 

K C3812; C3A; CsA3; no glass. 

Glass. 

K C238;2; C3A; Cs5A3; slight amount of glass. 





* Maximum temperature attained during heat treatment. 





444 Journal of Research of the National Bureau of Standards 


TABLE 5.—Thermal data relative to the boundary line separating the fields 
K.0.23Ca0.12S8i0O2 and 5Ca0.3A1:0; 


Composition | 
Temperature 


Examinati 
of quench xamination 


Sample 


Small amount of KC23Si2 glass. 


332; C3A; C5Az; no glass. 
C3A; Cs5A3; some glass. 


20 


3; no glass. 
20 
; 33A; slight amount 
KC238)2; C3A; glass. 
0 ; 7 14 ,325 | Slight amount of KC23S13; glass. 
| Glass. 








® Maximum temperature attained during heat treatment. 
TaBLE 6.—Thermal data relative to the boundary curve separating the 
38CaO.Al.O3 and 5CaO.3Al1,0: 


Composition 
Temperature 


Examination 
of quench 








5 | Eutectic according to Rankin and Wright 
Occasional grain of Cs5A3; glass. 
Glass. 
Trace of CsA3; glass. 
Glass. 
C3A; CsA3; KCo3S12; no glass. 
C3A; C5A3; glass. 
C3A; glass. 
Glass. 
C3A; CsA3; KCo238;2; no glass. 
20 78 ¢ a C3A; C5A3; KC238)9; slight amount of gl 
| Glass. 





* Maximum temperature attained during heat treatment. 


IV. EFFECT OF SO; ON THE CONSTITUTION OF CLINKERS 
CONTAINING K,O 
In a previous paper [3], it was reported that some evidence had 
been obtained that K,0.23Ca0.12SiO, reacts with CaSO, to form 
2CaO.Si0, and K,SO,. Further studies on the effect of SO; on the 
compounds of clinker containing K,O are included in the present 
report. 
1. STABILITY OF K,SO, WITH CLINKER COMPOUNDS 
A mixture was prepared by intimately grinding equimolecular 
proportions of CaSO, and K,0.23Ca0O.12SiO,. 


= 





Mix 1 





KC2:S)2 | CaSO, | 
| | 

Mole % | Mole % | 
50 | 50 | 

| 
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different charges were obtained by subjecting this mixture to 
us thermal treatments. The maximum temperatures varied 
1,500° to 1,300° C, and the quenching temperatures from 
1° to 850° C; the rate of cooling in each case was about 5° C per 
ite. The charges immediately after quenching were of medium 
ness but, on standing, tended to dust, because of the inversion 
2CaO.SiO, to y-2CaO.SiO,. Microscopically, all of the charges 
ared to be quite similar. Both forms of 2CaO.SiO, and a slightly 
ringent interstitial phase having a mean index of refraction of 
it 1.495 were observed. No glass or anhydrite (CaSQ,) appeared 
» present. 
he relatively low indices of the interstitial material suggested that 
might be arcanite (K,SO,), the indices of this mineral being: 
— 8=1.494, and y=1.497. The reaction indicated may be 
essed as: 


CaSO,+K,0.23Ca0.12Si0, —> 12 (2Ca0.SiO,) +K,SO,. 


Accordingly, another sample containing equal amounts of K,SO, 
and 2CaO.SiO, by weight was prepared. 


K,SO, 
maanatee 


50 





All the charges resulting from the various thermal treatments, ap- 
peared to consist of cnly two phases in apparently equal amounts: 
+-2CaO.SiO, and K,SO,. On standing, there was some inversion of 
8-2CaO.Si0O, to y-2CaO.SiO, but the tendency to dust was not so 
creat as in the products of the previous samples, in which the pro- 
portion of 2CaO.SiO, to K,SO, was greater. 

Further study was made by subjecting mixtures of K,SO, and other 
clinker compounds to various heat treatments. Mixture 3 contained 
equal amounts by weight of the four compounds: 


Mix 3 
| 
| 


All the original compounds were identified in powder samples of slowly 
cooled charges and apparently were present in unchanged amounts. 
In the polished surface sections, the crystal forms and etching prop- 
erties Of 3CaQ.SiO,, B-2CaO.SiO,, and 3CaQO.Al.0O, were normal 
The K,SO,, for the most part, appeared as interstitial material; and 
although K,SO, is soluble in water, its appearance in reflected light 
was not changed appreciably by either the water or the acid treatment 
to which the specimen was subjected. It is possible that the polishing 
treatment given the specimens was not suitable for imparting a satis- 
factory polish on the surfaces of the softer K,SO, grains. 
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Results similar to the above were obtained with mixture No 
composed as follows: 


C,AF K.S80, 





2. RELATION BETWEEN K.SO, AND THE GLASSY PHASE 


Most commercial clinkers contain, in addition to the crystalline 
compounds, varying amounts of glassy material. This constituent 
is the result of a condition whereby the rates of cooling from the 
maximum temperatures existing in the kiln are so rapid that com- 
plete crystallization of the components is not attained. Since K.SO, 
melts at a relatively low temperature, 1,076° C, it was considered 
probable that the components of this compound would often be con- 
tained in the glass of clinker. 

Accordingly, two mixtures were prepared, one, mix 5, corresponding 
to the liquid composition for an Al,O,:Fe,O, ratio of 2.62 on the 
38CaO.Si0O,-2CaO.Si0O, surface at 1,400° C in the quaternary system 
CaQ-Al,0.-Fe,0,-SiO, [5], 








90 10 


| 


and the second, mix 6, consisting of 90 percent of mix 5 and 10 percent 
of K,SO,. These mixtures were heated at 1,400°C for 15 minutes and 
then quenched from this temperature. Examination of the charge 
revealed that the completely molten sample of mix 6 had separated into 
two distinct portions. The top portion was shown by the microscope 
to consist of K,SO, crystals. The bottom portion was entirely glass 
and agreed optically with the glass that was obtained by quenching the 
mixture containing no K,SO,, mix 5. These results show that molten 
K,SO, is immiscible with the clinker melt (with reference to the prin- 
cipal oxides, at least) and, furthermore, because of the readiness with 
which it crystallizes, K,SO, is not likely to be contained in the glass of 
clinker. 





Potash Compounds of Portland Cement 447 


CONSIDERATION OF THE CONSTITUTION OF CLINKER 
CONTAINING K;0 AS INFLUENCED BY SO; 


[It is significant that the introduction of as much as 5.4 percent of 
k.O in the form of K,SO, to the glass composition just considered 
leased no free CaO. When only 1 percent of K,O in the form of the 
ily decomposed potassium oxalate, instead of K,SO,, was added to 
4) percent of the same mixture (mix 5) 


Mix 5 


IKoO (as 
oxalate 


and the resulting mixture subjected to the same heat treatment, the 
charge was found to consist of 4 percent of crystalline CaO in glass. 

These results show, then, that when SO, is present, K,O0 combines 
with SO, to form K,.SO, and as such does not become a part of the 
normal clinker melt. On the other hand, when SO; is not present, 
K.0 becomes a compcnent of the liquid and some CaO is displaced 
by this change in composition. 

The manner in which SO, influences the nature of the potash com- 
pound formed in clinker is demenstrated further by the following 
series of experiments: 

1. It has been reported previously [3] that 83CaO.SiO, and K,O.A1,O3; 
react to produce K,O.23CaQ0.12Si0,, 3CaO.Al,0;, and uncombined 
CaO according to the following reaction: 

12(3CaO.SiO,) -+-K,0.Al,0,—>K,O.23C a0. 12Si0.+-3CaO.Al,03 + 
10CaQ. 
A mixture of the composition 


tf 
90 


was heated to 1,400° C and cooled to 1,300° C at a rate of 1° C per 
minute. It was estimated that about 20 percent of uncombined CaO 
and about 70 percent of K,0.23CaO.12SiO. were,in the charge. 
Some 3CaQ.Al,0, and K,O.AI,QO,; also were observed. 
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2. A second mixture was prepared by adding to the mixture just 
cited SO, in the form of CaSO, in an amount calculated to be sufficient 
to combine with the K,O, present as K,0.AI,0;, to form K,SO,. The 
resulting composition before heat treatment was as follows: 





Mix 9 











Examination of powder specimens and a polished section of a charge of 
this mixture that had been cooled from 1,450° to 950° C at a rate of 
5° C per minute showed no free CaO; the only phases being 3CaO.Si0,, 
2CaO.Si10,, 3CaQO.Al,03, and K,SO,. 

3. A third mixture composed of 99 percent of the second plus 1 
percent of K,O, introduced as potassium oxalate, 


Mix 10 


K.O (as oxa- 
late) 














was heated to 1,450° C and cosled to 1,000° C at a rate of 5° C per 
minute. This additional K,O, being in excess of that required by th 
SO, to form K,SO,, caused the reappearance of free CaO and 
K,0.23CaO.12Si0,.. The other phases observed were 3Ca0O.Si0,, 
3CaO.Al,0;, and K,SO,. 

That K,O combines preferentially with SO, to form K,SO, is a 
point to be considered in the design of raw mixtures in the industr) 
The introduction of potash into the raw mixture may produce an 
effect such as to make much more difficult the production of clinker 
free of uncombined CaO; or the mtroduction of potash may be of 
little consequence in this respect, depending upon whether or not 
sufficient SO, is present to combine with the K,O. The marked 
effect on the combination of CaO due to that portion of the K,O 
which is available to form K,0.23Ca0.12SiO, has been demonstrated 
by results obtained in a previous study [3]. 


4. POTASSIUM SULFATE IN COMMERCIAL CLINKER 


In addition to the data obtained in this investigation, other workers 
have obtained results which indicate that K,SO, is likely to be found 
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commercial clinker. In 1936, L. S. Brown, then of the Lone Star 
ment Corporation, observed in dust taken between a kiln coating 
and the underlying brick, and subsequently in clinker, a low-index 
ase that was tentatively identified as an alkali sulfate [6]. Kalousek, 
mper, and Tregoning report that a correlation exists between the 
ounts of water-extractable K.O and the amounts of the available 
), in the clinker, which indieates that K,O is present in many clinkers 
tly as KSO, [7]. Woods, in a study of the volatilization of alkalies 
m two clinker raw mixtures during calcination, observed that the 
lition of CaSO, to the mixtures inhibits the volatilization of 
ash [8]. 
Che correls ationship was examined between the K,O and SO, con- 
ts of 26 commercial clinkers together with portions of them which 
| been slowly and quickly cooled after reheating to clinkering tempera- 
es. These clinkers, totaling 78 in number, were available from a 
dy being conducted in this laboratory on the effect of heat treat- 
nt on the structure and other properties of clinker. The percentages 
KO and SO in these clinkers * are plotted in figure 2. In general, 
re is an increase in the K,O content as the amount of SO, increases. 
most cases the percentage ef K,O lies in the diagram to the right 
the K,SO, composition line, which indicates that generally the 
iount of potash in a clinker is in excess of that required for the 
mation of K.SO, from the SO, available. 














» 8 9 
PERCENT KzO 
hiGURE 2.—Relationship between the K;O and the SO; content of a number of com- 
mercial clinkers (including quickly and slowly cooled portions of the same). 
The solid line indicates the loci of compositions containing equimolar amounts of these oxides. 
ncaa a 


? Analyses by C. L. Ford, Portland Cement Association, Chicago, Illinois, 
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Nineteen clinkers of the above lot were examined by means of 
the petrographic microscope for K,SO, crystals. Potassium sulfat, 
was identified in 11 of the 19 clinkers. This compound was observed 
in all but two instances in which the calculated potential K,SO, was 
over 0.24 percent and in no case where the calculated K.SO, fell beloy 
that value. The results of the microscopical examinations, together 
with the percentages of SO, and K,O determined by analyses, and thy 
calculated K,SO, percentages are given in table 7. 

TaBLe 7.—SQO, and WO contents of clinkers and a comparison of the K.SO, con 
as calculated and as observed microscopically 


Order of increasing calculated K2SQ,] 


K SO, cal- | KeSO 4 microseopi- 


kK 2O 
As culated cally observed 


0.00 Not observed. 
00 Do. 
O7 Do. 
20 Do. 
Ps Do. 
24 Do. 
7 Observed 
Not observed 
Observed. 


14} 
I 


a Observed. 

3] Do 
1, 58 1.48 Do 
1.10 2.04 Do 


P ‘61 7 31 | Not observed 
P 


1S i 
5] 
P =Commercial clinkers; Q=the same, quickly cooled after reheating to clinkering temperatures. 
1 
Prace 
Phis clinker contained a very small amount of a birefracting phase having a mean index of refract 
\ than that of K2SO,; the phase may be NaoSO,4 (@=1.471, 6=1.477, y=1.484). Sample contained 0 
ent of NasO. 


4 
b 
c 


Figure 3 shows the powdered clinker No. 25P of table 7 a magnifi- 


cation of 500 in an oil having an index of refraction of 1.52. The 
arrow points to a grain of KoSO,. 


V. EFFECT OF MgO ON THE CONSTITUTION OF CLINKER 
CONTAINING K,0O 


Ward [9], in his comparisons between the calculated and micro- 
scopically observed phases of commercial clinker, reports that th 
agreement between the values for free MgO as determined micro- 
scopically and as calculated was usually good. This indicates that 
the stability of MgO is not affected by the existence of the potash 
compounds im clinker. 

In order to obtain direct evidence of this nature, a mixture con- 
taining 


Mix 11 
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Powdered portland cement clinker immersed in oil of refractive 


y) 


index 1.52, showing grain of kK SO, 


Magnification, 500 
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; prepared and a sample heated at 1,525° C for 1 hour. The result- 
» charge showed no evidence of melting and, upon examination, 
as found to consist of only two phases: K,0.23Ca0O.12SiO, and peri- 
lase (MgO). 


A second mixture containing 









KoSO, 





O07 € 


sf 
99 



















vas prepared also. A charge was heated at 1,400° C for 1 heur. <A 
croscopical examination revealed no evidence of interaction of 
the K,SO, aad MgO. 










VI. SUMMARY 


The system K,0.23Ca0.12Si0O.-CaO-5Ca0.3Al,0, has been in- 
estigated by the phase-equilibrium method, and the results are 
resented. A phase diagram has been constructed. 

The only crystalline phase other than the components observed in 
the system under equilibrium conditions was the compound 3CaO.- 
Al,Oz, normal in crystalline form and optical properties. No evidence 
f any high-temperature modifications of any of the compounds of 
the system was obtained. 

When both SO; and K,O are cemponents of clinker, it was found 
that K,O combines preferentially with SO; to form K,SO,. In 
mixtures of K,O, CaO, AlsO3, FesO;, SiO., and SO, in proportions 
inparable to those in portland cement clinker, any K,O in excess 
of that required for the formation of K,SO, combines with CaO and 
SiO, to form K,0.23Ca0.12SiO,, provided crystallization oceurs 
mder equilibrium conditions. Potassium sulfate has been identified 
n several commercial clinkers. 

No reaction of either K,SO, or K,0.23CaQ0.12Si0, with MgO has 
been observed, which indicates that the presence of MgO does not 
feet the manner in which K.O is combined in clinker. 
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‘ttention is invited to a series of publications which is being prepared by the 
ct for the Computation of Mathematical Tables conducted by the Federal 
rks Agency, Work Projects Administration for the City of New York 
r the sponsorship of the National Bureau of Standards. To date, 14 tables 
been made available through the National Bureau of Standards. These 
listed below: 
There is also included in this list a publication on the hypergeometric and 
Legendre functions (MT15), prepared by the Bureau. 


TABLE OF THE First TEN Powers OF THE INTEGERS From 1 To 1000: 


+ 


38) VIII+ 80 pages; heavy paper cover. 50 cents. 


TABLES OF THE EXPONENTIAL FUNCTION e?: 


> ranges and intervals of the argument and the number of decimal places in the entries 


Range of x Interval of x Decimals given 
— 2.5000 to 1.0000 0.0001 18 
1.0000 to 2.5000 .0001 15 
2.500 to 5.000 001 15 
5.00 to 10.00 O01 12 


1939) XV-+-535 pages; bound in buckram, $2.00. 


MT3. TABLES OF CIRCULAR AND Hyperso.ic Sings AND CosINES FOR RADIAN ARGUMENTS: 


Contains 9 decimal place values of sin x, cos x, sinh x and cosh x for x (in radians) ranging from 
0 to 2 at intervals of 0.0001. 


1939) XVII+ 405 pages; bound in buckram, $2.00. 
MT4. Tastes or Sines AND Cosines FOR RADIAN ARGUMENTS: 
Contains 8 decimal place values of sines and cosines for radian arguments ranging from 0 to 25 
at intervals of 0.001. 
(1940) XXIX+-275 pages; bound in buckram, $2.00. 
MTS. TABLgs oF Sine, Cosine, AND ExpONENTIAL INTEGRALS, VOLUME I: 
Values of these functions to 9 places of decimals from 0 to 2 at intervals of 0.0001. 
(1940) XX VI+ 444 pages; bound in buckram, $2.00. 


MT6. Tastes or Sinz, Cosinz, AND ExPONENTIAL In TEGRALS, VOLUME II: 
Values of these functions to 9, 10, or 11 significant figures from 0 to 10 at intervals of 0.001 


with auxiliary tables. 


(1940) XXX VII-+- 225 pages; bound in buckram, $2.00. 


MT7. Tasre or Naturat Locaritus, Votume I: 
Logarithms of the integers from 1 to 50,000 to 16 places of decimals. 
(1941) XVIII+-501 pages; bound in buckram, $2.00. 

MTS8. Tastes or Propasitity Functions, Vorume I: 


Values of these functions to 15 places of decimals from 0 to 1 at intervals of 0.0001 and from 1 


to 5.6 at intervals of 0.001. 
(1941) XXVIII+-302 pages; bound in buckram, $2.00. 
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MT9. Taste or Naturat LocaritHMs, Vorume II: 


Logarithms of the integers from 50.000 to 100 000 to 16 places of decin 
(1941) XVIII-+-501 pages: bound in buckram, $2.00. 


MT10. Tasie or Naturat Locaritums, Votume III: 


( 


Logarithms ot — numbers from 0.0001 to 5.0000, to 16 places of decimals. 


lt 
(1941) XVIII pages; ind in buckram, $2.00. 


MT11. Tapirs oF THE Moments oF INERTIA AND Section Moputt or Orprnary ANGcLEs 
CHANNELS, AND BuLtB ANGLES WITH CERTAIN pe ATE COMBINATIONS: 


941) XHI+ 1 


MT12. Tasie or Naturat Locaritums, Votume IV: 


Logarithms of th decimal numbers from 5.0000 to 10.0000, to 16 places of decimals. 


(1941) XXII-+ 506 p ges; bound 1n I ucKIam, $2.00 . 


MT13. Taste or Srmve AND Cosine INTEGRALS FOR ARGUMENTS FROM 10 To 100: 


(1942) XXXII-+-185 pages, bound in buckram, $2.00. 


MT14. Tastes or Prosasitity Functions, Votume II: 


Values of these functions to 15 places of decimals from 0 to 1 at intervals of 0.0001 and from 
1 to 7.8 at intervals of 0.001. 
(1942) XXI+-344 pages; bound in buckram, $2.00. 


MT15. The hypergeometric and Legendre functions with applications to integral equations of 
potential theory. By Chester Snow, National Bureau of Standards. Reproduced from original 
handwritten manuscript. 

1942) VII + 319 pages; bound in heavy paper cover. $2.00. 


Payment is required in advance. Make remittance payable to the “National 
Bureau of Standards’’, and send with order, using the blank form facing page 
3 of the cover. 

The prices are for delivery in the United States and its possessions and in 
countries extending the franking privilege. To other countries the price of 
MT1 i s 65 cents; that of MT2 to MT15, inclusive, is $2.50 each; remittance to 
be made payable in United States currency. 

Copies of these publications have been sent to various Government depositories 
throughout the co untry, such as public libraries in large cities, and colleges and 
universities, where they may be consulted. 

A mailing list is maintained for those who desire to receive announcements 
regarding new tables as they become available. A list of the tables it is planned 
to publish will be sent on request. 








